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ABSTRACT 
A series of rhodium and iridium organometallic complexes supported by 1-
cyclopentadienyl-1,1-bis(4,4-dimethyl-2-oxazolinyl)ethane (MeC(OxMe2)2(C5H4); 
BoMCp) and 1-fluorenyl-1,1-bis(4,4-dimethyl-2-oxazolinyl)ethane (MeC(OxMe2)2(C13H8); 
BoMFlu) are described. Metalation of BoMCp readily occurrs through salt metathesis from 
a thallium intermediate or protonolysis with appropriate metal precursors. In contrast, 
metalation of the more basic BoMFlu ligand requires in situ generation of a potassium 
carbanion by potassium benzyl and subsequent salt metathesis with appropriate metal 
precursors. The piano-stool complexes of BoMCpM (M = Rh or Ir) were unreactive to 
substitution chemistry and forcing condition required for C–H activation reactions 
resulted in decomposition of catalysts prior to successful reactions.  However, the two-
electron oxidation of BoMCpRh(C2H4)2 with Br2 results in BoMCpRhBr2, a new RhIII 
species. BoMFluM (M = Rh or Ir) complexes readily underwent substitution chemistry. In 
addition, BoMFluRhL2 (L2 = C8H12 or C16H12) displayed unique electrochemistry of two 
reversible 1-electron oxidations were RhII species could be generated in solution. 
 A series of lanthanide organometallic complexes, Ln{C(SiHMe2)3}3 (Ln = La, Ce, 
Pr, Nd) were activated by the abstraction of Si–H with 1 and 2 equivalents B(C6F5)3 to 
generate Ln{C(SiHMe2)3}2HB(C6F5)3 and Ln{C(SiHMe2)3{HB(C6F5)3}2 respectively. 
The addition of AlR3 (R = Me or iBu) to Ln{C(SiHMe2)3}3 resulted in the complexation 
of the weaker lewis acid rather than Si–H abstraction. The mono- and di-alkyl complexes, 
with AliBu3 co-catalysts, are active in butadiene polymerization. Neodymium and cerium 
show the highest activity and all lanthanides showed a ~50:50 selectivity for cis-
1,4:trans-1,4 insertions, with exception of lanthanum which showed a slightly higher 
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selectivity for trans-1,4. Further studies with precatalysts Nd{C(SiHMe2)3}3 indicate a 
polymerization with living character with respect to reaction time but also showed a 
dependence of molecular weight on Nd:AliBu3 ratio supporting the proposed chain-
transfer mechanism. Polymerization in saturated hydrocarbon solvent (heptane) improved 
cis-1,4 selectivity to nearly 90% with Nd{C(SiHMe2)3}3 pre-catalyst. 
 Nd{C(SiHMe2)3{HB(C6F5)3}2 with 10 equivalents AliBu3 was >95% selective in 
the polymerization of isoprene to cis-1,4 polyisoprene with good activity in toluene. In 
contrast, Nd{C(SiHMe2)3}2HB(C6F5)3 was less active in the polymerization of isoprene 
and displayed a lower selectivity yielding ~40% trans-1,4 polyisoprene. The activation of 
Nd{C(SiHMe2)3}3 in toluene with different protocols containing the organochloride 
Ph3CCl were also successful for cis-1,4 selective polymerizations of isoprene with 
narrow polydispersity. In addition, activation protocols with Ph3CCl improved the cis-1,4 
selectivity of polybutadiene to 90% and above but with more broad polydispersity.  
 Functionalizing agents for the functionalization of polydienes were synthesized 
from modified literature procedures. The modifications allowed for higher yields for 
compounds such as (EtO)3Si-CºC-Si(OEt)3. The application of (EtO)3Si-CºC-Si(OEt)3 
as a quenching agent for neodymium-based diene polymerizations resulted in the 
incorporation of silyl functionalized polydiene and improved physical properties of the 
resulting rubber composites. 2-Me2XSi-1,3-C4H5 (X = OiPr, OtBu, and NiPr2) monomers 
were also synthesized and studied for the functionalization of polydienes. No functional 
group incorporation during neodymium-based polymerizations was observed for X = 
OiPr or OtBu. However, when X = NiPr2 SiMe groups were observed to be incorporated 
into polydienes indicating successful functionalization. 
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CHAPTER 1.    INTRODUCTION 
 
General Introduction 
 There are many different definitions of what comprises Inorganic Chemistry. One 
such definition, “If organic chemistry is defined as the chemistry of hydrocarbon compounds 
and their derivatives, inorganic chemistry can be described broadly as the chemistry of 
everything else.” describes the enormity of the inorganic chemistry field.1 Organometallic 
chemistry represents a subset of inorganic chemistry bridging the gap between organic and 
inorganic chemistry. In this context, molecules containing both organic fragments (carbon, 
nitrogen, oxygen, silicon for example) and inorganic fragments (main group metals and 
transition metals) results in considerably modified properties of both fragments. One of the 
most important utilizations of organometallic chemistry is for the catalysis of organic 
transformations, especially in homogeneous reactions. While the definition of a catalyst has 
evolved over the years as the fundamental understandings of catalytic processes have grown, 
the most excepted definition today is: a substance which increases the rate at which a 
chemical reaction approaches equilibrium without becoming itself permanently involved.2 In 
the past two decades, the incredible achievements in organometallic chemistry of chirally 
catalyzed hydrogenations and oxidations (2001),3 development of metathesis methods 
(2005),4 and palladium-catalyzed cross couplings (2010)5 have been recognized with the 
Nobel Prize in Chemistry for their work in impacting catalysis. Throughout their Nobel 
winning research, continued improvements within organometallic chemistry includes, in part, 
the development and modification of ligands and techniques for controlled activation of 
catalysts, which continue to be an essential part of organometallic advancements today. 
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 Numerous books, book chapters, and reviews have been dedicated to the assignment 
and understanding of ligands and their coordination chemistry. At the broadest level ligands 
and metal centers interact with dative (2 electrons from organic ligand and none from the 
metal center) or covalent (one electron from organic ligand and one electron from metal 
center) bonds.6 However more often organometallic species have a mixture of dative and 
covalent bonds which impacts the overall characteristics of the complexes. For example, the 
discovery of one of the most iconic organometallic chemistry complexes, ferrocene or iron 
bis-cyclopentadienyl,7,8,9 represents the combination of both dative (in this case pi bonds) 
bonds and covalent bonds within the same ligand (Figure 1). The nature of the ligand 
bonding within ferrocene give the complex incredibly stability and an iron oxidation state of 
+2 with a bright orange color but can be readily oxidized to a +3 oxidation state with an 
intense blue color.9 Ferrocene demonstrates the relationship between ligands and the metal 
center which control their chemical and physical properties.  
 
Figure 1. Structure and chemical and physical properties of ferrocene. 
 
 
 
 
FeII FeIII
+
Orange Blue
– e–
+ e–
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In addition, the discovery and characterization of ferrocene initiated further 
exploration and utilization of metallocenes, cyclopentadienyl containing organometallic 
compounds. Many late transition metals, such as rhodium and iridium, generate metallocene 
based catalysts which are useful for important organic transformations, such as C–H bond 
activation.10,11,12 Rhodium and iridium complexes of this nature and their catalytic 
intermediates are dominated by +1 and +3 oxidation states,13,14 due in part by the electron 
structures generated by the ligand-metal interactions. The two-electron processes of the 
versatile late metals limit their use in one-electron reactions, which would require a stable +2 
oxidation state for rhodium and iridium. The stabilization of rhodium/iridium complexes in 
the +2 oxidation state is often accompanied by the presence of multidentate ligands with 
hetero atom coordination.15,16 Strategies to stabilize RhII or IrII organometallic species of 
metallocene type complexes may require expanding cyclopentadienyl aromaticity or the 
addition of pendent hetero-atom donors (or a combination of both). 
 In contrast to late transition metals, early transition metals (groups 3, 4, and 5) offer 
unique challenges for organometallic chemistry due to the low number of valent electrons. 
Early transition metals are thus limited in thus accessible oxidation states and redox 
chemistry.17 These limitations generally require organometallic complexes of early metals to 
exist in high-valent states.18 Almost exclusively these compounds are required to by handled 
under inert atmospheres to protect the integrity of the metal-carbon bonds and are used in 
organic synthesis with well-established routes.19 Nonetheless, a verity organometallic 
compounds can be isolated in this family of compounds.20  
Lanthanide (Ln or rare-earth) metals are of particular interest in academia (due to 
unique f-orbital electrons, predominantly +3 oxidation state, and the lanthanide contraction 
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providing ample areas of study) and industry (due to catalytic properties in polymerization 
and physical properties such as magnetism and photolysis). In the advancement of catalyst 
design and reaction applications homoleptic (purely Ln-organic species which are 
monomeric in nature and free from donor solvents and alkaline-metal salts) have been of 
particular interest.21,22 The difficulty in synthesizing and handling these compounds is a 
result of their large atomic radii and electropositive metal centers, resulting in the propensity 
to coordinate donor molecules or generate bridging species. To this note, Ln{C(SiHMe2)3}3 
for the group 3 metal yttrium and lanthanides (Ln = La, Ce, Pr, Nd) have been reported by 
Yan et. al.23 and Pindwal et. al.24 respectively. These homoleptic complexes are stabilized by 
six three-center-two-electron interactions (agnostic-like) from ancillary Si–H groups in the 
ligands. The agnostic-like interactions are an essential representation of ligand design 
stabilizing the metal center without need of additional donor solvents and without side 
reactions such as b–H elimination. 
Activation of lanthanide precatalysts, for application in polymerizaitons, often occur 
through ill-defined mutli-step reactions but have resulted in tremendous success as Ziegler-
type catalysts.25,26 Often these polymerizations require lanthanide salts (neodymium is most 
commonly used in diene polymerizations), alkylating co-catalyst (typically alkyl aluminum), 
and a chloride source (either as a organo-chloride or chloro-aluminum species) leading to 
speculative active species. Despite these ill-defined activations, industrial optimizations and 
applications produce millions of tons of polymers per year.27 More controlled or well-defined 
activation methods may lead to a higher degree of control over the resulting polymer 
material. An additional strategy for the advancement of polymer materials, utilizing pre-
established catalyst systems, suggests the addition of polymer monomers in hydrocarbon 
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based polymerizations.28 Further advancements in the field require the development of polar- 
or functional groups compatible with current polymerization catalysts, such as neodymium 
carboxylates.29 
This thesis contributes to the stabilization of organometallic (M–C containing) RhII 
and IrII compounds. The development of a new ligand, 1-fluorenyl-1,1-bis(4,4-dimethyl-2-
oxazolinyl)ethane (MeC(OxMe2)2(C13H8); BoMFlu), allows for these species to be probed via 
electrochemical and EPR analysis. In addition, activation of early transition metal catalysts, 
Ln{C(SiHMe2)3}3 (Ln = La, Ce, Pr, Nd), are studied and their application in the 
polymerization of dienes is explored. Finally, the development of new polydiene 
functionalization techniques are explored from lens of organic-metal center interactions 
directed towards advanced polymer synthesis. 
Thesis Organization 
This thesis in organized in six chapters. Chapter 1 provides a general introduction into 
organometallic chemistry, ligands based on cyclopentadienyl, homoleptic lanthanides 
applications in diene polymerizations, and modification of polybutadiene for enhanced 
material performance. Chapters 2 and 3 consist of publish manuscripts while chapter 4 
consists of unpublished work which is a manuscript in progress. Chapter 5 consists of work 
included in a utility patent which was funded by Kumho Petrochemical. Chapter 6 provides 
general conclusions. 
Chapter 2 consists of a published manuscript in Organometallics titled “Redox 
Chemistry of Bis(oxazolinyl)cyclopenadienyl and –fluorenly Rhodium and Iridium 
Organometallic Compounds”. This work focuses on the synthesis of rhodium and iridium 
complexes supported by bis(oxazolinyl)cyclopenadienyl and bis(oxazolinyl)fluorenyl 
lignads. Comparisons of coordination geometries and redox properties are discussed. 
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Computational studies were done by Kevin Basemann guided by Dr. Windus. X-ray 
structures were solved by Dr. Ellern.  
Chapter 3 consists of a manuscript which has been excepted in ACS Catalysis and is 
in the final of Galley proofs titled “Zwitterionic Trivalent (Alkyl)Lanthanide Complexes in 
Ziegler-type Butadiene Polymerization”. This work focuses on the synthesis and 
characterization of zwitterionic rare-earth complexes as well as the reactivity of 
La{C(SiHMe2)3}3 and the zwitterions with trisalkyl aluminium. Also discussed is the 
polymerization of butadiene utilizing the rare-earth complexes described above. Dr. Pindwal 
is responsible for the synthesis and characterization of the compounds described. X-ray 
structure of NdC(SiHMe2)3{HB(C6F5)3}2 was collected by Dr. Ellern. 
Chapter 4 consists of unpublished work and thus is a manuscript in progress. This 
work is a continuation of Chapter 3, where new activation methods for Ln{C(SiHMe2)3}3 are 
developed and discussed. The new activation methods are then applied to the polymerization 
of with higher selectivity due to the introduction of chlorides in the catalyst system. This 
work in being continued by Yang Yun Chu who also made minor contributions to the results 
discussed.  
Chapter 5 consists of the summary of work included in utility patent titled “End 
Group Functionalization Agents for Polydiene” submitted October 22nd, 2018. This work 
discusses efforts in functionalizing neodymium-based polybutadiene through the addition of 
functionalizing agents. Multiple approaches are discussed including the use of alkynes to 
quench polymerization reactions and the synthesis and application of functionalized dienes. 
This project was a collaboration with Kumho Petrochemical and supporting data received 
from researchers is attributed to them in the text. 
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CHAPTER 2.    REDOX CHEMISTRY OF BIS(OXAZOLINYL)-
CYCLOPENTADIENYL AND – FLUORENYL RHODIUM AND IRIDIUM 
ORGANOMETALLIC COMPOUNDS 
Modified from a paper published in Organometallics 
 
Bradley M. Schmidt, Hung-An Ho, Kevin Basemann, Arkady Ellern, Theresa L. Windus, 
Aaron D. Sadow* 
 
Abstract 
 Rhodium and iridium compounds supported by 1-cyclopentadienyl-1,1-bis(4,4-
dimethyl-2-oxazolinyl)ethane (MeC(OxMe2)2(C5H4); BoMCp) form 18-electron piano-stool 
compounds {BoMCp}ML2 (L = C2H4, C8H12, CO) containing two non-coordinated 
oxazolines. Bromination of {BoMCp}Rh(C2H4)2 gives {BoMCp}RhBr2. A single crystal X-
ray diffraction study reveals that only one oxazoline is coordinated in the solid-state structure 
of {BoMCp}RhBr2. The oxazolines exchange rapidly on the 1H NMR timescale at room 
temperature but slowly at –10 °C. In contrast, the fluorenyl derivative MeC(OxMe2)2(C13H8) 
(BoMFlu) forms 16-electron square planar rhodium(I) and iridium(I) complexes containing 
bidentate {C,N-BoMFlu}M coordination that features a M–C single bond (i.e., monohapto 
fluorenyl bonding). {BoMFlu}Rh(η4-C8H12) undergoes two electrochemically and chemically 
reversible 1-electron redox events with E1/2 at –640 mV and 220 mV. One-electron chemical 
oxidation provides a long-lived rhodium(II) hydrocarbyl species [{BoMFlu}Rh(C8H12)]+ that 
reacts to give the monovalent species [{BoMFlu-H}Rh(η4-C8H12)]+. Alternatively, 1-electron 
oxidation of {BoMFlu}Ir(η4-C8H12) provides a transient species diamagnetic iridium hydride, 
detected by 1H NMR spectroscopy, that ultimately rearranges into [{BoMFlu-H}Ir(η4-
C8H12)]+. This process can be prevented for both congeners by employing the allylic H-free 
dibenzo[a,e]cyclooctatetraene (C16H12) ligand. Oxidation of {BoMFlu}M(η4-C16H12) (M = Rh 
or Ir) provides [{BoMFlu}M(η4-C16H12)]+ with lifetimes greater than 1 day. 
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Introduction 
Rhodium and iridium organometallic chemistry is dominated by mono- and trivalent 
states,1,2 whereas divalent compounds rely heavily on heteroatom coordination. Both classes 
of compounds activate C–H bonds, with 2-electron3-8 and 1-electron9-11 pathways invoked for 
even and odd electron-count complexes. Although piano-stool compounds provide seminal 
examples of 2-electron chemistry for bond cleavage steps (Chart 1A), examples of 1-electron 
pathways involving CpRhIILn or CpIrIILn compounds as reactants or products, are much less 
common.12  
Monomeric RhII and IrII species are typically supported by multidentate ligands with 
heteroatom coordination. For example, nitrogen donor ligands such as tetramesitylporphyrin 
(Chart 1C)9,10 and bis(oxazolines) support square-planar RhII.13 Pincer ligands also stabilize 
divalent, square planar rhodium and iridium as in [(PNP)RhIIX]14 (PNP = (4-Me-2-(iPr2P)-
C6H3)2N; X = Cl, OR) and [(PNP)IrIIX] (PNP = (tBu2PCHCH)2N; X = Cl, N3).15,16 Tri- and 
tetradentate, fac-coordinating nitrogen-donor ligand systems, for example, N,N,N-
bis(pyridylmethyl)amine, stabilize RhII and IrII through hemilabile coordination that responds 
to the electronic configuration of the metal center (Chart 1D).17-20 These complexes afford 
longer lived MII species even with π-coordinated organic L-type ligands, but undergo 
decomposition through allylic H atomic abstraction (formally C-H bond activation). This 
pathway can be prevented by substituting allylic H with inert groups.21 
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Chart 1. Monomeric monovalent, divalent, and trivalent rhodium and iridium species. 
 
In contrast, divalent compounds of rhodium and iridium containing X-type alkyl, aryl, 
or cyclopentadienyl ligands, are often fleeting due to disproportionation, H-atom abstraction, 
or homolysis reactions. For example, cyclic voltammetry (CV) experiments on dimeric 
[Cp*RhCl(µ-Cl)]2 or [(Cp*Rh)2(µ-Cl)3]PF6 (Cp* = η5-C5Me5) display features consistent 
with transient mixed-valent RhII(µ-Cl)3RhIII species whose lifetimes are limited to the 
electrochemical timescale. These species disproportionate into binuclear RhII–RhII and 
RhIII(µ-Cl)2RhIII species.22 EPR spectroscopy provides evidence for [CpRhII] complexes, such 
as [CpRh(C2H4)2]+ and [CpRh(S2C4F6)]–.23,24 Similarly, 1-electron oxidation of 
CpRh(CO)PR3 complexes give [CpRh(CO)PR3]+, which rapidly undergo hydrogen-atom 
transfer to generate [Rh2Fv(CO)2(PR3)2]2+ (Fv = h5,h5-C10H8).25 Inhibition of H-atom 
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abstraction reactions might allow isolation of RhII and IrII metalloradicals within a piano-
stool geometry system, leading to new chemistry. In fact, the isolable divalent rhodium 
Cp*Rh(Py-Ph)(NCMe) (Py-Ph = 2-(2-pyridyl)phenyl), formed by H atom abstraction from 
Cp*Rh(Py-Ph)H, lacks weakly bonded (e.g., allylic) hydrogen, to allow estimation of Rh–H 
bond dissociation energies.12   
Strategies that prevent dimerization and access multiple coordination geometries to 
stabilize monometallic RhII or IrII organometallic species might involve derivatization of the 
cyclopentadienyl with pendent N-donor coordinating groups, replacing the Cp with 
polyaromatic anionic π-donors, or a combination of both approaches. In the first approach, 
hemilabile donors tethered to cyclopentadienyl might adapt the coordination sphere of the 
metal to electronic configuration associated with RhII without H-atom transfer. In chelating 
cyclopentadienyl-phosphines,7,26 the pendent phosphine is strongly coordinating and 
displaces CO and cyclooctene ligands but is itself substituted by excess PMe3.27 Likewise, 
the pendent dimethylamine in (Me2NCH2CH2C5Me4)MI2 (M = Rh, Ir) is displaced by CO, 
isocyanide, and PMe3.28 The more rigid (8-C9H6NCH2CH2C5Me4)M(C2H4)2 reacts during 
photolysis to exchange ethylene for the pendent quinolyl group.29 Moreover, π-arene-based 
piano-stool compounds containing two pendent diphenylphosphine groups allowed access to 
isolable RhII compounds.30,31 We recently reported a multidentate ligand containing 
cyclopentadienyl and bis(oxazoline) moieties, namely 1-(cyclopentadienyl)-1,1-bis(4,4-
dimethyl-2-oxazolinyl)ethane (BoMCp).32 As noted above, N-donor ligands, such as pyrrole, 
pyridine and oxazoline have stabilized RhII, and we hypothesized that BoMCp may be 
suitable to stabilize monomeric piano-stool RhII or IrII centers through hemilabile oxazoline 
coordination (Chart 1B, top).  
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The second approach, in which ring-slip of the cyclopentadienyl group from 
pentahapto to tri- or monohapto, could also allow the supporting ligand to respond to 
electronic changes at the metal center. Indenyl (Ind) and fluorenyl (Flu) derivatives provide 
coordination modes and reactivity patterns that are difficult for the parent Cp ligand system 
to access.33-36 A derivative combining bis(oxazoline) and fluorenyl groups could potentially 
coordinate in a piano-stool configuration, bidentate C,N (Chart 1B, bottom), or tridentate 
C,N,N modes, and these coordination modes could support the multiple electronic 
configurations of redox-active metal centers. In addition, we thought flexibility within the 
anionic π donor group, via ring-slip, could allow reversible coordination of pendent 
oxazoline groups in substitution reactions of donor ligands.  
Herein, we report rhodium and iridium complexes of {BoMCp} and a new ligand 
MeC(OxMe2)2(C13H8) (BoMFlu), which contains a fluorenyl rather than the cyclopentadienyl 
moiety in BoMCp. We investigate the resulting organometallics and their propensity for N-
donor coordination within 1-electron oxidation pathways to generate persistent RhII or IrII 
compounds. 
Results and Discussion 
Synthesis and reactivity of {BoMCp}ML2 compounds. {BoMCp}ML2 (M = Rh, L2 
= (C2H4)2, (CO)2, or C8H12; M = Ir, L2 = C8H12) complexes are synthesized either from metal 
chloride through salt metathesis or from metal alkoxide precursors through protonolysis 
reactions. Transmetalation reactions of BoMCpTl32 and [Rh(µ-Cl)L2]2 (L = CO, C2H4, C8H12; 
eq. 1) in benzene for 12 h afford the series of {BoMCp}RhL2 compounds in greater than 95% 
yield. {BoMCp}Ir(h4-C8H12) is synthesized analogously from [Ir(µ-Cl)(h4-C8H12)]2. 
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Alternatively, protonolysis reactions of BoMCpH and [M(µ-OMe)(η4-C8H12)]2 (M = Rh, Ir) in 
benzene over 3 h at room temperature give {BoMCp}M(η4-C8H12) (eq. 2), also in excellent 
yield (>90%).  
 
The 1H NMR spectra for the series of {BoMCp}ML2 compounds were consistent with 
Cs-symmetric structures, on the basis of two C5H4 signals and a single set of oxazoline 
resonances. The spectroscopic data indicates that the oxazolines are not coordinated. Two 
ethylene ligands in {BoMCp}Rh(h2-C2H4)2, shown by integrated 1H NMR spectra (δH: 1.19 
(4 H) and 3.06 (4 H)), or the coordinated cyclooctadiene ligand in {BoMCp}M(η4-C8H12) 
provide 18-electron species without chelation by the pendent oxazoline. The similar 15N 
NMR chemical shifts of {BoMCp}ML2 (e.g., –133 ppm for {BoMCp}M(h4-C8H12) M = Rh, 
Ir) and non-coordinated BoMCpH (–131 ppm)32 also suggested that the oxazolines were not 
coordinated in this series of compounds. A single nC=N band in each compound’s IR spectrum 
between 1651-1654 cm–1 appeared with similar frequency as the nC=N for BoMCpH (1656 
MO N
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L L
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cm–1).32 Finally, a single crystal X-ray diffraction study of {BoMCp}Rh(CO)2 confirms the 
spectroscopic assignment of a piano-stool geometry and shows that the oxazoline groups are 
dissociated from the rhodium center (Figure 1). 
 
Figure 1. Rendered thermal ellipsoid plot of {BoMCp}Rh(CO)2 at 50% probability. Only one 
of two molecules present in the unit cell is illustrated. H atoms are not included in the 
representation for clarity. 
Attempts to displace the CO or cyclooctadiene by the pendent oxazoline or by other 
ligands were not successful. {BoMCp}M(h4-C8H12) (M = Rh, Ir) complexes persist at 100 °C 
in benzene-d6 solution for at least 36 h. A photochemical experiment on {BoMCp}Rh(CO)2 in 
benzene-d6 for 6 h gives a solution containing only starting materials, whereas longer 
photolytic experiments (>12 h) result in precipitation of a black solid and 1H NMR signals 
from unidentified species. The combination of {BoMCp}M(h4-C8H12) and CO (up to 5 atm at 
120 °C) does not afford detectable quantities of {BoMCp}M(CO)2. These compounds inert 
nature contrasts phosphine-linked cyclopentadienyl group 9 compounds noted in the 
Introduction. 
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Oxidation of {BoMCp}Rh(C2H4)2 with excess Br2 in benzene produces 
{BoMCp}RhBr2 as a red-orange solid in high isolated yield (93%, eq. 3). The 1H NMR 
spectrum (acetonitrile-d3) contained broad singlets for the Cp (5.84 and 5.65 ppm, 2 H each)  
 
and the oxazoline methylene (4.15 ppm, 4 H) and methyl (1.33 ppm, 12 H) groups, while the 
unique methyl appeared as a sharp singlet (1.80 ppm, 3 H). At –10 °C, the broad spectrum 
resolved into four broad singlets for the C5H4 (5.89, 5.79, 5.68 and 5.64 ppm, 1 H each), four 
sharp doublets assigned to oxazoline methylenes (4.21, 4.18, 4.11 and 4.06 ppm, 1 H and 8.4 
Hz each), a unique methyl (1.78 ppm, 3 H), and four sharp singlets for oxazoline methyls 
(1.36, 1.35, 1.26 and 1.23 ppm, 3 H each). This pattern is consistent with a C1 symmetric 
structure, implying that one oxazoline is coordinated and one is not. The IR spectrum (KBr) 
contained bands at 1664 and 1617 cm–1, assigned to nC=N of non-coordinated and coordinated 
oxazoline, respectively. These results suggest a solid-state structure that is consistent with the 
low temperature NMR assignment. Although the oxazolines undergo fast exchange, the rate 
is much slower than the IR timescale, both in solution and in the solid state. 
A single crystal X-ray diffraction study on {BoMCp}RhBr2 reveals a three-legged 
piano-stool structure, with a pentahapto cyclopentadienyl group, an oxazoline, and two 
bromide ligands coordinated to the rhodium center (Figure 2). 
RhO N
RhO N
Br
Br
{BoMCp}RhBr2, 93%
(3)+  Br2
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– 2 C2H4
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N
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N
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Figure 2. Rendered thermal ellipsoid plot of {BoMCp}RhBr2 at 35% probability. H atoms 
and 2 co-crystallized, non-interacting water molecules are not included for clarity. 
Synthesis of BoMFluH and {BoMFlu}ML2 compounds. A fluorene-based analogue 
of BoMCp might provide access to more reactive, lower electron-count intermediates through 
trihapto or monohapto fluorene bonding modes.37 The new ligand, 1-(9-fluorenyl)-1,1-
bis(4,4-dimethyl-2-oxazolinyl)ethane (BoMFluH), is synthesized by reaction of 9-
bromofluorene and Li[CH3C(OxMe2)2] in THF at 0 °C (eq. 4). BoMFluH is isolated in high 
yield from multigram scale preparations as an orange solid. 
The 1H NMR spectrum of BoMFluH contained singlets at 1.17 (6 H), 1.19 ppm (6 H) 
and 3.72 (4 H) assigned to oxazoline methyl and methylene moieties. The singlet at 3.72 ppm 
resulted from coincidentally identical chemical shifts for the CH2, whereas the corresponding 
signals in BoMCpH appeared as a multiplet.32 A signal at 5.53 ppm, assigned to the 9-H of the 
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fluorene, weakly correlated in a COSY experiment to peaks at 1.30 ppm (3 H) and 7.76 ppm 
of the unique methyl and the aromatic groups, respectively. The former correlation provided 
support for C–C bond formation between fluorene and bis(oxazoline) groups. The 15N NMR 
signal, measured at natural abundance with a 1H-15N HMBC experiment, appeared at –129 
ppm as a crosspeak to the 4,4-dimethyl signals. The IR spectrum of BoMFluH (KBr pellet) 
contained signals at 1660 and 1643 cm–1 assigned to symmetric and asymmetric νC=N modes 
from the oxazoline moieties. This observation contrasts the single νC=N in the IR spectrum of 
BoMCpH (1656 cm–1, KBr pellet), although the solution-phase IR BoMFluH also only 
contained one νC=N band (1655 cm–1, benzene). The identity and connectivity of BoMFluH is 
confirmed by a single crystal X-ray diffraction study of crystals obtained from a concentrated 
diethyl ether solution cooled to –80 °C (see thermal ellipsoid plot in Figure 3). 
 
Figure 3. Rendered thermal ellipsoid diagram of 1-(fluorene)-1,1-bis(4,4-dimethyl-2-
oxazolinyl)ethane (BoMFluH) plotted at 30% probability. BoMFluH crystallizes with two 
independent molecules in the unit cell with similar conformations, and only one is illustrated 
for clarity. In addition, H atoms, except for H13, have been omitted for clarity.  
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BoMFluH and KCH2Ph react in toluene at room temperature, as suggested by a color 
change and dissolution of red potassium benzyl into a dark red-brown solution. Although the 
proposed BoMFluK is not isolable, it may be generated in situ. Addition of [M(µ-Cl)(η4-
C8H12)]2 (M = Rh or Ir) yields the metalated products {BoMFlu}M(η4-C8H12) as a mixture 
with residual BoMFluH (eq. 5). Recrystallization, by cooling a supersaturated diethyl ether 
solution to –30 °C, gives analytically pure compounds and X-ray quality crystals in moderate 
yields. 
 
The 1H NMR spectra of {BoMFlu}M(η4-C8H12) (M = Rh or Ir) revealed one set of 
oxazoline signals, with diastereotopic methylene (e.g., for Rh, 3.54 and 3.45 ppm) and 
methyl groups (1.02 and 0.98 ppm). These signals broadened, but did not resolve into 
separate resonances, in spectra acquired at –40 °C in toluene-d8. The 13C{1H} NMR spectrum 
of {BoMFlu}Rh(η4-C8H12) contained two doublets at 77.35 (1JRhC = 12.1 Hz) and 64.15 ppm 
(1JRhC = 18.1 Hz) assigned to the rhodium-coordinated cyclooctadiene and C9 fluorenyl 
carbons, respectively. The rhodium coupling to the single fluorenyl carbon was considerably 
larger than the values in the piano-stool cyclopentadienyl compound {BoMCp}Rh(η4-C8H12) 
that ranged from 3.3 to 4.2 Hz. The other six fluorenyl 13C{1H} NMR signals appeared as 
singlets. Together, these data indicate monohapto fluorenyl-rhodium bonding. The infrared 
spectra of {BoMFlu}M(η4-C8H12) compounds (KBr) each showed two bands (Rh: 1655 and 
1616 cm–1; Ir: 1656 and 1604 cm–1) assigned to carboximidate stretching modes (νC=N). The 
N N
OO (5)
{BoMFlu}M(η4-C8H12)
M = Rh (48%)
M = Ir (46%)
1/2 [M(μ-Cl)(η4-C8H12)]2
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higher energy bands were similar to the symmetric and asymmetric bands in BoMFluH (1660 
and 1643 cm–1), whereas the lower energy bands were assigned to a coordinated oxazoline. 
The IR spectrum of {BoMFlu}Rh(η4-C8H12) in benzene also contained two bands at 1652 and 
1627 cm–1 assigned to νC=N. A similar spectrum was obtained in methylene chloride (νC=N at 
1650 and 1628 cm–1). Thus, the two oxazoline groups in {BoMFlu}M(η4-C8H12) are 
inequivalent, only one of the oxazoline groups is coordinated in the square planar 
compounds, and the coordinated and dissociated oxazoline groups undergo fast exchange on 
the NMR timescale and slow exchange on the IR timescale. 
This C,N-bidentate coordination of {BoMFlu} is confirmed by single crystal X-ray 
diffraction studies of {BoMFlu}M(η4-C8H12) (M = Rh, Figure 4; M = Ir, Figure 5) which 
adopt virtually superimposable structures. The Rh1 center is coordinated in a distorted square 
planar geometry by N1 from one oxazoline, C13 from the fluorenyl group, and the bidentate 
cyclooctadiene ligand. The chelating BoMFlu ligand enforces an acute bite angle (∠N1–
Rh1–C13 = 79.71(6)°) distorted from ideal square planar geometry. The Rh1–N1 (2.118(1) 
Å) is the shortest metal-ligand distance in {BoMFlu}Rh(η4-C8H12), with the Rh1–C13 
distance being longer (2.182(2) Å). The Rh1–C14 and Rh1–C25 distances, 3.104 and 2.702 
Å respectively, are much longer than the π-bonded cyclooctadiene Rh–C distances (Rh1–
C26, 2.124(2); Rh1–C29, 2.141(2); Rh1–C30, 2.120(2); Rh1–C33, 2.165(2) Å). For 
comparison, the bidentate {FluPPh2NPh}Rh(nbd) (nbd = norbornadiene) coordinates through 
a monohapto rhodium-fluorene interaction with similar interatomic distances (Rh–C, 
2.188(3) Å) and Rh–N (2.123(2) Å) to those observed in {BoMFlu}Rh(η4-C8H12).37 
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Figure 4. Rendered thermal ellipsoid diagram of {BoMFlu}Rh(η4-C8H12) at 50% probability. 
H atoms have been omitted for clarity. 
 
Figure 5. Rendered thermal ellipsoid diagram of {BoMFlu}Ir(η4-C8H12) at 30% probability. 
H atoms have been omitted for clarity. 
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In addition, DFT geometry optimization calculations provide a benchmark for comparison 
with the one-electron oxidized product (vide infra), and the crystallographic and calculated 
structures have only minor shifts in interatomic distances and angles (Table 1). The most 
significant is the longer calculated Rh1–N1 bond distance of 2.196 Å, whereas the calculated 
angle of the chelating BoMFlu ligand N1–Rh1–C13 (78.06°) is similar to the experimental 
value. The π-coordinated C8H12 distances to Rh are also slightly longer in the calculated 
structure (Rh1–C26, 2.199 Å; Rh1–C29, 2.117 Å; Rh1–C30, 2.135 Å; Rh1–C33, 2.148 Å). A 
Hessian calculation confirms the ground state structure and allows a comparison to 
experimental νC=N modes (calculated: 1732 and 1673 cm–1, uncorrected)
 
Table 1. Comparison of interatomic distances from X-ray diffraction and optimized DFT 
calculationsa  
 {Bo
MFlu}Rh(η4-
C8H12)  
[{BoMFlu}Rh(η4-
C8H12)]+ 
{BoMFlu}Rh(η4-
C16H12)  
[{BoMFlu}Rh(η4-
C16H12)]+  
 Diffraction DFT DFT DFT DFT 
Rh–N1  2.118 2.196 2.165 2.165 2.158 
Rh–C13 2.182 2.215 2.227 2.175 2.206 
Rh–C14  3.104 3.153 3.137 3.133 3.125 
Rh–C25  2.702 2.632 2.487 2.774 2.503 
Rh1–C26  2.124 2.199 2.212 2.226 2.235 
Rh1–C29  2.141 2.117 2.228 2.156 2.205 
Rh1–C30  2.120 2.135 2.180 2.162 2.214 
Rh1–C33  2.165 2.147 2.215 2.203 2.252 
N1–Rh1–
C13  79.71 78.06 78.69 78.77 78.91 
N1–Rh1–
C25 88.74 85.09 88.30 84.52 88.14 
a Distances are given in Å, angles given in degrees. 
Both {BoMFlu}M(η4-C8H12) species persist at 80 °C in benzene-d6 for greater than 24 
h. Black solids precipitate at 120 °C over 18 h, and the 1H NMR signal intensities for 
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{BoMFlu}M(η4-C8H12) decrease by approximately 10% vs an internal standard in that time 
with the appearance of unidentified organic species. Unlike {BoMCp}M(η4-C8H12), the 
{BoMFlu}M(η4-C8H12) complexes are reactive toward substitution. For example, reaction of 
{BoMFlu}M(η4-C8H12) and CO to give {BoMFlu}M(CO)2 is accomplished under 1 atm for 1 
h at room temperature (eq. 6), whereas the {BoMCp}M(η4-C8H12) analogues did not react 
under 5 atm CO and up to 120 °C (see above). 
 
The 1H NMR spectra of {BoMFlu}Rh(CO)2 contained one set of oxazoline signals 
and four fluorenyl signals. The 13C{1H} NMR spectrum contained a doublet at 62.23 ppm 
(1JRhC = 17.2 Hz) assigned to the C bonded to Rh in monohapto fluorenyl. The IR spectrum 
of {BoMFlu}Rh(CO)2 (KBr) revealed bands at 2052 and 1989 cm–1 assigned to the νCO, and 
at 1659 and 1621 cm–1 assigned to the νC=N of non-coordinated and coordinated oxazoline, 
respectively. Likewise, IR analysis of {BoMFlu}Ir(CO)2 (KBr pellet) contains two νCO bands, 
2045 and 1978 cm–1, and two νC=N bands, 1661 and 1611 cm–1. Comparison to the νCO of the 
isoelectronic dicarbonyl compounds {PhB(OxMe2)2ImMes}Rh(CO)2 (ImMes =  1-
mesitylimidazolyl; νCO = 2063 and 1993 cm–1)38 also supported by a monoanionic C,N-
bidentate ligand, suggests that the rhodium center in {BoMFlu}Rh(CO)2 is more strongly π-
back donating. Note that {PhB(OxMe2)2ImMes}Rh(CO)2 is similarly fluxional as 
M N
O
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C
C
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{BoMFlu}Rh(CO)2, with exchange of coordinated and non-coordinated oxazolines occurring 
rapidly on the NMR timescale.  
A single crystal X-ray diffraction study of {BoMFlu}Rh(CO)2 (Figure 6) reveals a 
distorted square planar coordination geometry for the rhodium center, similar to the structure 
of {BoMFlu}M(η4-C8H12) and distinct from piano-stool configuration of {BoMCp}Rh(CO)2 
described above.  
 
Figure 6. Rendered thermal ellipsoid diagram of {BoMFlu}Rh(CO)2 at 50% probability. H 
atoms have been omitted for clarity. 
 
1-electron redox chemistry of {BoMFlu}ML2. Interestingly, CV experiments on 
{BoMFlu}Rh(η4-C8H12) revealed two distinct and reversible 1-electron redox waves at –640 
and 220 mV (vs Cp2Fe/Cp2Fe+ = 0 mV; Cp = C5H5) assigned to RhI/II and RhII/III couples, 
respectively (Figure 7). The CV of {BoMFlu}Ir(η4-C8H12) showed a quasi-reversible wave at 
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–705 mV and an irreversible peak at –134 mV, for IrI/II and IrII/III, respectively (with scan 
rates ranging from 0.05 – 1 V×s–1). In contrast, CV of {BoMFlu}Rh(CO)2 contained peaks at 
203 mV and 436 mV, which were assigned to an irreversible oxidation and a quasi-reversible 
process (Figure 8). Apparently, the chelating diene is important to extending the lifetime of 
the [{BoMFlu}RhII] species. 
 
Figure 7. CV for {BoMFlu}Rh(η4-C8H12) (solid blue line) and {BoMFlu}Ir(η4-C8H12) (dashed 
red line). Conditions: 1 mM, methylene chloride, 0.1 M [(nBu)4N][BF4], scan rates: 0.5 (Rh) 
to 1 (Ir) V×s–1. E1/2 values are given in V vs Cp2Fe/Cp2Fe+. 
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Figure 8. Cyclic voltammogram of {BoMFlu}Rh(CO)2. Conditions:1 mM in methylene 
chloride, 0.1 M [(nBu)4N][BF4], 0.1 V×s–1. E values are given in V versus Cp2Fe/Cp2Fe+. 
 
One-electron chemical oxidation of {BoMFlu}Rh(η4-C8H12) is accomplished with 
[Cp2Fe][BF4] or [Ag][BF4] (Ag0/+ E° = 650 mV vs Cp2Fe0/+ in CH2Cl2)39 to produce Cp2Fe or 
Ag0, respectively, as byproducts. The lifetime of the oxidized species is sufficiently long to 
probe by spectroscopic methods (NMR, solution IR, EPR), although the compound is not 
isolable.  The 1H NMR spectra for both reactions contained identical broad signals, while 
reactions with [Ag][BF4] were more convenient for spectroscopic analysis following the easy 
filtration to remove the silver byproduct. The IR spectrum of the green [{BoMFlu}Rh(η4-
C8H12)]+ solution (CH2Cl2 solution, ATR) contained a single band in the νC=N stretching 
region at 1638 cm–1. This result contrasts the two νC=N bands observed for {BoMFlu}Rh(η4-
C8H12) (see above). 
{BoMFlu}Rh(η4-C8H12) and [Ag][BF4] also react at –78 °C in 2-Me-THF. The X-band 
EPR spectrum of the filtered, green solution from this reaction, maintained at or below –78 
°C prior to data collection at room temperature, showed a single peak (Figure 9 A) with an 
-1.5 -1 -0.5 0 0.5 1
E / V (vs Fc/Fc+)
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isotropic g value of 2.07 and poorly resolved fine structure. Attempts to simulate the fine 
structure by coupling with Rh, N, and/or H does not provide a satisfactory representation of 
the experimental spectrum. This spectrum is distinct from reported spectra of fluorenyl-based 
radicals, which reveal well-resolved hyperfine coupling to H and isotropic g values of 
2.003.40,41 The EPR signal for {BoMFlu}Rh(η4-C8H12) decays over 90 min. at room 
temperature. A spectrum of a glassed sample at 20 K showed a sharp feature along with a 
 
 
Figure 9. CW X-band EPR spectra of [{BoMFlu}Rh(C8H12)][BF4] in 2-Me-THF at 298 K 
simulated using an isotropic model (g = 2.07) (A) and in 2-Me-THF without (black) and with 
(blue) [nBu4N]PF6 at 20 K (B).  
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broadened signal (Figure 9 B). This spectrum was simulated using rhombic parameters for 
glassed conditions, and the weak fine structure, which were not included in the simulation, 
appears to be derived from super hyperfine interactions from partial delocalization onto the 
fluorenyl group (see DFT calculations below). 
Restricted open-shell DFT (RODFT) calculations performed on a gas-phase model of 
[{BoMFlu}Rh(η4-C8H12)]+ provide a structural approximation for the transient RhII species. 
Significant spin contamination occurred in unrestricted open shell DFT calculations, 
requiring the RODFT approximation. The initial geometry for this optimized structure was 
based on the coordinates of {BoMFlu}Rh(η4-C8H12) determined by X-ray diffraction and 
given a positive charge and doublet configuration. The overall gas-phase coordination 
geometries of {C,N-κ2-BoMFlu}Rh(η4-C8H12) and [{C,N-κ2-BoMFlu}Rh(η4-C8H12)]+ are 
similarly distorted square planar, and a comparison of the geometric parameters of the RhI 
and RhII species from X-ray diffraction (RhI) and DFT-optimized structure (RhI and RhII) 
species is given in Table 1. The most significant shift in internuclear distance upon oxidation 
involves Rh1–C25, which decreases by 0.145 Å with respect to the DFT-calculated RhI 
geometry. However, this distance is still long (2.487 Å) and appears to result from rotation of 
the fluorenyl group around the C1–C13 bond. This rotation occurs on a relatively flat portion 
of the potential energy surface and seems unlikely to correspond to a change in hapticity of 
the fluorenyl group. Interestingly, the calculated Rh1–N1 distance shortens upon oxidation 
by 0.031 Å, whereas the Rh1–C13 distance is lengthened by 0.012 Å. Similar geometries are 
expected for singlet and doublet species, given the chemically and electrochemically 
reversible voltammetry. 
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Figure 10. SOMO of [{C,N-κ2-BoMFlu}Rh(η4-C8H12)]+ as determined by RODFT 
calculations using the M06-L functional. Demonstrates spin density of unpaired electron over 
structure. 
 
The Mulliken analysis of the atomic spin population places density of ca. one half of 
an unpaired electron on the rhodium center, with the other half delocalized over the fluorenyl 
group. (Figure 10) This delocalization over Rh and the fluorenyl group may contribute to the 
relatively long lifetime of the doublet species. The unpaired spin density does not appear to 
be shared with the nitrogen of the oxazoline. For comparison, calculations on {dpa}MII(η4-
C8H12) (dpa = N,N-bis(2-pyridylmethylamine) show large spin populations on the apical 
amine donor group as well as hyperfine interactions with N in their EPR spectra.18 
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Figure 11. DFT calculation of the geometry for [{N,N-κ2-BoMFlu}Rh(η4-C8H12)]+. 
A second, energy-minimized square planar geometry for a doublet species [{N,N-κ2-
BoMFlu}Rh(η4-C8H12)]+, (Figure 11) in which both oxazolines are coordinated to rhodium, is 
15 kcal/mol lower energy than the C,N-coordinated structure of Figure S65. In this structure, 
the fluorenyl moiety is not within bonding distance (>3 Å). In fact, the single band in the 
solution-phase IR spectrum of [{BoMFlu}Rh(η4-C8H12)]+ is consistent with a bis(oxazoline) 
coordinated structure. However, several additional pieces of experimental data suggest that 
the C,N-coordinated structure is more likely. First, the 95% of the electron density of the 
SOMO is located on the fluorenyl in [{N,N-κ2-BoMFlu}Rh(η4-C8H12)]+. That calculation 
suggests the complex contains a fluorenyl radical, which does not match the EPR spectra. 
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Second, the electrochemistry and lifetimes of daughter species in the rhodium system are 
distinct from those of the iridium analogue, whereas formation of a fluorenyl radical would 
be expected to provide similar electrochemical behavior. Third, the subsequent reactivity 
which implicates a metal-hydride intermediate (see below), is more consistent with a metal-
centered unpaired electron. In order to better assess the energy differences between N,N and 
C,N coordination modes, we performed single-point energy calculations at the MP2 level,42,43 
which reduced the energy difference to 5 kcal/mol. This change suggests that the electronic 
correlation may not be effectively captured at the DFT level, especially given the comparison 
between an organic radical and a metalloradical. That is, MP2 may describe the correlation 
better in the metalloradical isomer. Therefore, we conclude that the latter species may 
represent the geometry in solution but the former geometry is also accessible for further 
reactivity (see below). 
The EPR signal of [{BoMFlu}Rh(η4-C8H12)]+ disappeared after 18 h at room 
temperature, and NMR peaks corresponding to a mixture of new diamagnetic species 
appeared. The lifetime of the paramagnetic species is longer at –40 °C; however, attempts to 
isolate the product by crystallization afford the complex [{BoMFlu-H}Rh(η4-C8H12)][BF4] 
(Figure 12). 
The X-ray diffraction experiment, performed on a crystal from the reaction mixture, 
identifies a square planar rhodium center coordinated by nitrogen in both oxazolines from the 
BoMFluH ligand and a tetrahapto cyclooctadiene ligand. The BF4 counteranion is separated 
from the cation. The distances between the fluorene and rhodium are not consistent with 
rhodium-carbon bonding, and the C3 is instead bonded to a proton (H3) and adopts a sp3-like 
geometry.  
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Figure 12. Rendered thermal ellipsoid plot of [{BoMFlu-H}Rh(η4-C8H12)][BF4] at 35% 
probability. With the exception of H3, H atoms and the BF4 counteranion are not illustrated 
for clarity. 
 [{BoMFlu-H}Rh(η4-C8H12)][BF4] is independently synthesized by the reaction of 
{BoMFlu}Rh(η4-C8H12) and [NH4][BF4] in tetrahydrofuran (eq. 7), and its 1H NMR spectrum 
was used to identify the corresponding signals in the reaction mixture obtained from 
chemical oxidation. The 1H NMR spectrum revealed peaks at 8.42 and 7.40 ppm assigned to 
the protonated BoMFluH (H3 in Figure 8) and one of the C13H8 signals, respectively. These 
signals are downfield from the corresponding resonance of the free BoMFluH (5.53 ppm). In 
addition, the infrared spectrum (KBr) of [{BoMFlu-H}Rh(η4-C8H12)][BF4] contained only 
one band at 1630 cm–1 in the C=N stretching region, which was consistent with the formation 
of a new species with equivalent oxazolines. 
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{BoMFlu}Ir(η4-C8H12) reacts with 1 equiv. of [Cp2Fe][BF4] or [Ag][BF4] in 
methylene chloride-d2 to give a 1H NMR spectrum containing sharp signals, including a 
signal at –16.74 ppm assigned to an iridium hydride. The 1H NMR signals disappeared 
within 3 h at room temperature, while signals for [{BoMFlu-H}Ir(η4-C8H12)]+ appeared as 
part of a mixture of several other species. This species was independently synthesized via 
protonation, analogously to the rhodium congener. In addition, the mixtures obtained from 
reactions performed at room temperature or at –40 °C were EPR silent over this time course.  
A proposed pathway for decomposition of [MII(η4-C8H12)] (M = Rh, Ir) involves 
abstraction of an allylic H in the cyclooctadiene,17,18 giving a metal(III) hydride and 
metal(III) allyl species. Reductive elimination of the metal(III) hydride would give 
[{BoMFlu-H}M(η4-C8H12)]+. Because [{BoMFlu-H}M(η4-C8H12)]+ species are formed with 
both rhodium and iridium analogues, we suggest similar pathway for the two divalent species 
with different relative lifetimes of the transient species. Specifically, the metalloradical is 
longer lived for the rhodium complex, while the lifetime of a hydride species is longer for the 
iridium congener (Scheme 1). 
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Scheme 1. Possible pathway for formation of [{BoMFlu-H}M(η4-C8H12)]+. 
 
We attempted to obtain additional evidence for the pathway of Scheme 1 by 
independent synthesis of the metal(III) allyl products by hydride abstraction. Reactions of 
[Ph3C][B(C6F5)4] and {BoMFlu}M(η4-C8H12) generate Ph3CH and a complex mixture of 
olefin-containing compounds. After 48 h at room temperature, [{BoMFlu-H}Rh(η4-C8H12)]+ 
is detected as part of a complex mixture, which unfortunately did not provide any evidence 
for {BoMFlu}M(η3-C8H11)-type species. 
Instead, we tested this pathway by substitution at the allylic positions of the diene. 
Following the approach of de Bruin and co-workers that employed 
dibenzo[a,e]cyclooctatetraene (C16H12),21 [M(µ-Cl)(η4-C16H12)]2 (M = Rh, Ir) and in situ-
generated BoMFluK react to form {BoMFlu}M(η4-C16H12) (eq. 8). 
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Characterization of {BoMFlu}M(η4-C16H12) by 1H NMR spectroscopy revealed 
similar features as {BoMFlu}M(η4-C8H12). The 13C{1H} NMR spectrum of the rhodium 
compound contained a doublet at 66.6 ppm (1JRhC = 18.4 Hz), assigned to a monohapto 
fluorenyl ligand. The IR spectra of {BoMFlu}M(η4-C16H12) showed bands (e.g., M = Rh at 
1655 and 1625 cm–1) consistent with one coordinated and one non-coordinated oxazoline, 
both in the solid-state and in solution. 
The CV of {BoMFlu}Rh(η4-C16H12) had two reversible 1-electron redox waves at –
482 mV and 366 mV (vs Cp2Fe/Cp2Fe+) assigned to RhI/II and RhII/III couples (Figure 13, 
top). These waves are each at higher potential, by ca. 160 and 140 mV, than the 
corresponding process in {BoMFlu}Rh(η4-C8H12) described above. {BoMFlu}Ir(η4-C16H12) 
had a quasi-reversible peak at –425 mV and an irreversible peak at 100 mV vs Cp2Fe/Cp2Fe+ 
(Figure 9, bottom), which also occurred at more positive potentials than in the corresponding 
cyclooctadiene compounds. Still, the iridium(II) dibenzo[a,e]cyclooctatetraene species did 
not appear to have a substantially longer lifetime in electrochemical experiments than the 
cyclooctadiene analogue. 
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Figure 13. CV of {BoMFlu}Rh(η4-C16H12) (top, solid blue line) and {BoMFlu}Ir(η4-C16H12) 
(bottom, dashed red line). Conditions: 1 mM, methylene chloride, 0.1 M [(nBu)4N][BF4], 0.1 
V·s–1. E values are given in V vs. Cp2Fe/Cp2Fe+. 
{BoMFlu}Rh(η4-C16H12) and [Ag][BF4] react in 2-Me-THF at room temperature to 
give a green solution after filtration. The isotropic EPR spectrum of this solution (Figure 14) 
was similar to the corresponding spectrum of [{BoMFlu}Rh(η4-C8H12)]+. In contrast to the 
cyclooctadiene-coordinated species, the EPR signal from [{BoMFlu}Rh(η4-C16H12)]+ had 
equivalent intensity after 24 h with respect to the initial spectrum. EPR spectra acquired at 20 
K or 10 K on glassed solutions each contained a single broad signal.  
-1.0 -0.5 0.0 0.5
E / V (vs Fc/Fc+)
-1.5 -1 -0.5 0 0.5 1 1.5
{BoMFlu}Rh(C16H12)
{BoMFlu}Ir(C16H12)
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Figure 14. CW X-band EPR spectra of [{BoMFlu}Rh(η4-C16H12)][BF4] in 2-Me-THF at 298 
K gx = 2.047 (ARh = 0.0 G) gy = 1.975 (ARh= 26.0 G) gz = 2.001 (ARh= 0.3 G) 
 
Attempts to isolate [{BoMFlu}Rh(η4-C16H12)]+ as BF4 or PF6 salts were unsuccessful. 
Reactions of the rhodium(I) dibenzo[a,e]cyclooctatetraene with [Ag][BF4] or [Ag][PF6] in  
CH2Cl2 or THF, followed by filtration, concentration, and crystallization at –40 °C or –80 °C, 
or by evaporating volatiles, give complex mixtures. The solution-phase infrared spectrum of 
[{BoMFlu}Rh(η4-C16H12)][BF4] was similar to that of the corresponding parent 
cyclooctadiene compound and revealed one band at 1636 cm–1. We conclude that the square 
planar rhodium(II) species undergoes faster exchange between the two oxazoline groups than 
the rhodium(I) precursors. 
DFT calculations upon gas phase models of {C,N-κ2-BoMFlu}Rh(η4-C16H12) and 
[{C,N-κ2-BoMFlu}Rh(η4-C16H12)]+ (Figures 15 and 16, respectively) provide a comparison 
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between dibenzo[a,e]cyclooctatetraene and cyclooctadiene geometries for neutral and 1-
electron oxidized species (Table 1). Similar structural changes are calculated for the 
oxidation of {C,N-κ2-BoMFlu}Rh(η4-C16H12) as described above for the {C,N-κ2-
BoMFlu}Rh(η4-C8H12) system, including rotation of the fluorenyl group, slight lengthening of 
the Rh1–C13 distance, and a slight shortening of the Rh1–N1 distance. The atomic spin 
population shows that the radical in the oxidized species is equally shared over the rhodium 
center and the fluorenyl, as in the cyclooctadiene coordinated analogue. 
 
 
Figure 15. DFT calculation of the geometry for {C,N-κ2-BoMFlu}Rh(η4-C16H12). 
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Figure 16. Minimized structure obtained from a DFT geometry optimization for [{C,N-κ2-
BoMFlu}Rh(η4-C16H12)]+ using the M06-L functional. 
{BoMFlu}Ir(η4-C16H12) and [Ag][BF4] react in CH2Cl2 to give a yellow-orange 
solution after filtration which has an isotropic EPR spectrum (Figure 17). Unlike the reaction 
of {BoMFlu}Ir(η4-C8H12) and [Ag][BF4], the 1H NMR spectrum of this solution contained 
broad signals that were consistent with paramagnetic species. After 12 h, the spectrum was 
unchanged, no signals that might be attributed to a diamagnetic iridium hydride or protonated 
ligand were observed. The sample became EPR silent after evaporation of volatile material 
and redissolution in methylene chloride; however, the 1H NMR spectrum contained some 
C16H12 and an uninterpretable mixture of many {BoMFlu}Ir species. 
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Figure 17. CW X-band EPR spectra of [{BoMFlu}Ir(η4-C16H12)][BF4] at a 10 mM solution in 
CH2Cl2 at 298 K. The spectrum is simulated using isotropic parameters g = 2.018 (AIr = 2.3 
G). 
 
Conclusion 
The chemistry of BoMCp and BoMFlu ligands is distinct even though both ligands 
could (in principle) access identical coordination geometries and equivalent electronic 
configurations. The differences begin with their organometallic syntheses, in that 
coordination of BoMCp to rhodium and iridium requires less basic conditions than BoMFlu. 
For example, BoMCpH is deprotonated by TlOEt or [M(µ-OMe)(η4-C8H12)]2 (M = Rh, Ir) to 
form an alcohol byproduct, whereas BoMFluH is most effectively deprotonated in situ by 
benzylpotassium. Currently accessible rhodium(I) and iridium(I) compounds supported by 
BoMCp are electronically saturated, piano-stool compounds, with no detectable coordination 
of the pendent oxazoline groups. The oxazolines appear to be incapable of replacing the 
coordinating two electron donor ligands (CO, cyclooctadiene), and cyclooctadiene is not 
even easily substituted by CO. In contrast, BoMFlu-supported compounds are 16-electron, 
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square planar species containing a monohapto fluorenyl moiety and one coordinated 
oxazoline that undergoes rapid exchange with the second oxazoline. 
The distinct electrochemical and chemical oxidation chemistry of {BoMCp}ML2 and 
{BoMFlu}ML2 compounds reflects their inequivalent electronic and structural properties. 
Specifically, {BoMCp}Rh(η2-C2H4)2 undergoes 2-electron chemical oxidation by Br2 to 
produce {BoMCp}RhBr2, while as of yet, {BoMCp}RhL2 and {BoMCp}RhBr2 have not 
provided clean electrochemistry. In contrast, 2-electron chemical oxidation of 
{BoMFlu}M(η4-C8H12) with Br2 or I2 does not afford isolable products, even though two 
single-electron and reversible electrochemical redox processes are measured in cyclic 
voltammetry experiments on {BoMFlu}Rh(η4-C8H12) and {BoMFlu}Rh(η4-C16H12).  
A number of observations suggest that these species are metalloradicals, rather than 
monovalent metals with radical character localized on the ligand. First, the redox properties 
of rhodium and iridium analogues both show electrochemically reversible processes and 
persistent products of 1 electron oxidation (e.g., to form [{BoMFlu}M(η4-C16H12)]+) but at 
inequivalent potentials. A pendent fluorenyl-centered radical in a bis(oxazoline)metal 
compound would likely show similar electrochemistry for both rhodium and iridium 
analogues, contrary to the experimental results. Second, EPR spectroscopic measurements on 
[{BoMFlu}Rh(C8H12)]+ and [{BoMFlu}Rh(C16H12)]+ clearly reveal doublet character in 
spectra that are distinct from those of fluorenyl radicals, and the g values of persistent species 
are sufficiently different from 2 to suggest metal-centered unpaired electrons. Third, 
oxidation of {BoMFlu}Ir(C8H12) provides a diamagnetic hydride intermediate, postulated to 
form via H-atom abstraction by a reactive iridium(II) species. In contrast to the experimental 
observation, a fluorenyl ligand-based radical would be expected to afford the product 
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[{BoMFlu-H}Ir(C8H12)]+ directly. Mulliken population analysis as part of DFT calculations 
on gas-phase models of [{κ2-C,N-BoMFlu}Rh(η4-C8H12)]+ and [{κ2-C,N-BoMFlu}Rh(η4-
C16H12)]+ suggests that the unpaired electron is primarily localized on the rhodium center 
with significant delocalization throughout the fluorenyl. Thus, we propose that we have 
synthesized a square planar RhII species containing a s-C bond. Both this species, and the 
iridium analogue, react by H atom abstraction to break an allylic CH bond.  
Interestingly, the quasi-reversible 1-electron electrochemistry of {BoMFlu}Ir(η4-
C16H12) suggests that allylic CH bond abstraction is not the only reaction pathway for these 
species. Alternatively, the delocalized radical character of the {BoMFlu} ligand in the doublet 
compounds could undergo side reactions independent of the metal center as suggested for 
pyridylamine ligands; however, the complex mixture of product limited analysis to 
distinguish these possible pathways. Still, both rhodium and iridium complexes are reactive 
in H-atom abstraction, which eventually leads to the protonation of the BoMFlu ligand. 
Related ligands containing cyclopentadienyl derivatives and oxazoline donors, which have 
both diminished basicity and an ability to switch between monohapto and pentahapto 
coordination in between BoMCp and BoMFlu, may allow access to the desired steps needed 
for catalytic CH bond functionalization chemistry that combine 1- and 2-electron redox steps. 
Experimental 
 General Procedures. All reactions were performed under a dry argon or nitrogen 
atmosphere using standard Schlenk techniques or under a nitrogen atmosphere in a glovebox, 
unless indicated. Dry, oxygen-free solvents were used throughout. Benzene, toluene, pentane, 
methylene chloride, diethyl ether, and tetrahydrofuran were degassed by sparging with 
nitrogen, filtered through activated alumina columns, and stored under nitrogen. 2-Methyl 
44 
tetrahydrofuran (2-Me-THF) was heated over CaH2, vacuum transferred, and stored over 4 Å 
molecular sieves. Benzene-d6 and toluene-d8 were heated to reflux over Na/K alloy, vacuum-
transferred, and stored over 4 Å molecular sieves. Methylene chloride-d2 was heated over 
CaH2, vacuum transferred, and stored over 4 Å molecular sieves. [Ag][BF4] was purchased 
from Aldrich and used as received. Li[CH3C(OxMe2)2], BoMCpTl, BoMCpH,32 [Rh(µ-Cl)(η2-
C2H4)2]2, [Rh(µ-Cl)(CO)2]2,44 [Rh(µ-Cl)(η4-C8H12)]2,45  [Ir(µ-Cl)(η4-C8H12)]2,46 [Rh(µ-
OMe)(h4-C8H12)]2, [Ir(µ-OMe)(h4-C8H12)]2,47 9-bromofluorene,48 [Cp2Fe][BF4],39 
dibenzo[a,e]cyclooctatetraene,49 [Rh(µ-Cl)(η4-C16H12)]2, and [Ir(µ-Cl)(η4-C16H12)]250 were 
prepared according to the literature. Extra caution should be taken when handling thallium 
containing compounds and waste due to their highly toxic properties.  
 1H and 13C{1H} NMR spectra were collected on Bruker DRX-400, Bruker DRX-500, 
and Bruker Avance III 600 spectrometers. 15N NMR chemical shifts were determined by 1H-
15N HMBC experiments on a Bruker Avance III 600 NMR spectrometer. 15N chemical shifts 
were originally referenced to an external liquid NH3 standard and recalculated to the 
CH3NO2 chemical shift scale by adding –381.9 ppm. Infrared spectra were recorded on a 
Bruker Vertex spectrometer. Elemental analyses were performed using a PerkinElmer 2400 
Series II CHN/S analyzer at the Iowa State Chemical Instrumentation Facility.  
 Electrochemistry was performed in a glovebox under a nitrogen atmosphere using a 
Princeton Applied Research (PAR) VersaSTAT 3 potentiostat interfaced to a personal 
computer. Voltammetry scans were recorded using a platinum disk with a diameter of 2 mm 
(PAR) as the working electrode. The disk was polished with 0.05 µm micropolish alumina 
suspension (Buelhler), washed with distilled water and acetone, and sonicated for 5 minutes 
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before use. A Ag/AgCl pseudo reference electrode was employed, and the system was 
calibrated against the Cp2Fe0/+ redox couple.  
 Photolysis experiments were performed with either an ACE Hanovia 450 W medium 
pressure mercury lamp equipped with a water-jacketed quartz well cooled to 0 °C or a 
Rayonet photochemical reactor (model RPR-100) at 35 °C at 254 nm and an intensity of 
1.65´1016 photon×s–1cm–3. 
{BoMCp}Rh(η2-C2H4)2. A solution of [Rh(µ-Cl)(η2-C2H4)2]2 (0.112 g, 0.288 mmol) in 
benzene (2 mL) was added to a solution of BoMCpTl (0.284 g, 0.578 mmol) in benzene (2 
mL). The mixture was stirred overnight at ambient temperature. The thallium chloride 
precipitate was removed by filtration, and the filtrate was passed quickly through a short plug 
of neutral alumina. Volatiles were evaporated under reduced pressure to yield 
{BoMCp}Rh(η2-C2H4)2 as a red-brown oil (0.244 g, 0.547 mmol, 94.9%). 1H NMR (600 
MHz, benzene-d6): δ 1.11 (s, 12 H, CNCMe2CH2O), 1.19 (d, 2JRhH = 10.8 Hz, 2 H, C2H4), 
2.15 (s, 3 H, MeC), 3.06 (d, 2JRhH = 10.2 Hz, 2 H, C2H4), 3.61 (d, 2JHH = 8.0 Hz, 2 H, 
CNCMe2CH2O), 3.64 (d, 2JHH = 8.0 Hz, 2 H, CNCMe2CH2O), 4.93 (m, 2 H, C5H4), 5.33 (m, 
2 H, C5H4). 13C{1H} NMR (150 MHz, benzene-d6): δ 26.10 (MeC), 28.10 (CNCMe2CH2O), 
28.27 (CNCMe2CH2O), 37.95 (d, 1JRhC = 13.4 Hz, C2H4), 43.15 (MeC), 67.37 
(CNCMe2CH2O), 79.26 (CNCMe2CH2O), 86.17 (d, 1JRhC = 4.4 Hz, C5H4), 88.20 (d, 1JRhC = 
3.6 Hz, C5H4), 109.45 (d, 1JRhC = 4.4 Hz, ipso-C5H4), 165.95 (CNCMe2CH2O). 15N{1H} 
NMR: δ –133. IR (KBr, cm–1): 3062 (w), 2969 (m), 2927 (m), 2886 (m), 1651 (s, νCN), 1539 
(w), 1558 (w), 1506 (w), 1456 (m), 1363 (m), 1287 (m), 1248 (w), 1197 (m), 1079 (m), 969 
(m). Anal. calcd for C21H31N2O2Rh: C, 56.50; H, 7.00; N, 6.28. Found: C, 56.25; H, 6.80; N, 
6.32. 
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{BoMCp}Rh(CO)2. A solution of BoMCpTl (0.122 g, 0.248 mmol) in benzene (2 mL) was 
added to a solution of [Rh(µ-Cl)(CO)2]2 (0.048 g, 0.124 mmol) in benzene (2 mL), and the 
reaction mixture was stirred at room temperature for 3 h. The mixture was filtered to remove 
precipitated thallium chloride, and the volatile materials were removed under reduced 
pressure.  The resulting solid was washed with pentane (3 × 1 mL) and dried under vacuum 
to yield {BoMCp}Rh(CO)2 (0.108 g, 0.242 mmol, 97.6%). X-ray quality crystals were grown 
from a concentrated solution in toluene at –30 °C. 1H NMR (600 MHz, benzene-d6): δ 1.09 
(s, 6 H, CNCMe2CH2O), 1.12 (s, 6 H, CNCMe2CH2O), 1.98 (s, 3 H, MeC), 3.62 (m, 4 H, 
CNCMe2CH2O), 4.90 (br s, 2 H, C5H4), 5.67 (br s, 2 H, C5H4). 13C{1H} NMR (100 MHz, 
benzene-d6): δ 25.36 (MeC), 27.95 (CNCMe2CH2O), 28.11 (CNCMe2CH2O), 42.42 (MeC), 
67.49 (CNCMe2CH2O), 79.43 (CNCMe2CH2O), 86.1 (d, 1JRhC = 2.2 Hz, C5H4), 89.1 (d, 1JRhC 
= 1.8 Hz, C5H4), 113.9 (d, 1JRhC = 2.2 Hz, ipso-C5H4), 165.58 (CNCMe2CH2O), 192.7 (d, 
1JRhC = 47.9 Hz, CO). 15N{1H} NMR: δ –131. IR (KBr, cm–1): 3077 (m), 2971 (s), 2930 (m), 
2901 (m), 2889 (m), 2043 (s, νCO), 1974 (s, νCO), 1654 (s, νCN), 1460 (m), 1384 (w), 1365 
(m), 1356 (m), 1290 (m), 1280 (m), 1254 (m), 1202 (m), 1111 (w), 1090 (m), 1048 (m), 970 
(m). Anal. calcd for C19H23N2O4Rh: C, 51.13; H, 5.19; N, 6.28. Found: C, 50.83; H, 4.70; N, 
6.25. Mp: 140–144 °C. 
{BoMCp}Rh(η4-C8H12). {BoMCp}Rh(η4-C8H12) was synthesized through the two routes 
given below. Route A: A solution of [Rh(µ-OMe)(η4-C8H12)]2 (0.177 g, 0.366 mmol) in 
benzene (4 mL) was added to a solution of BoMCpH (0.211 g, 0.732 mmol) in benzene (3 
mL). The mixture was stirred at ambient temperature for 3 h, and then the volatiles were 
evaporated under reduced pressure to yield a brown oil. The oil was dissolved in benzene and 
passed quickly through a short plug of neutral alumina. Solvent was evaporated to yield 
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{BoMCp}Rh(η4-C8H12) as a red-brown oil (0.336 g, 0.675 mmol, 92.2%). Route B: A 
solution of BoMCpTl (0.150 g, 0.305 mmol) in benzene (2 mL) was added to a solution of 
[Rh(µ-Cl)(η4-C8H12)]2 (0.075 g, 0.152 mmol) in benzene (2 mL). The mixture was stirred 
overnight at ambient temperature and then filtered to remove thallium chloride. The filtrate 
was evaporated under reduced pressure to yield {BoMCp}Rh(η4-C8H12) as a red-brown oil 
(0.143 g, 0.287 mmol, 94.1%). 1H NMR (600 MHz, benzene-d6): δ 1.12 (s, 6 H, 
CNCMe2CH2O), 1.12 (s, 6 H, CNCMe2CH2O), 2.01 (m, 4 H, C8H12), 2.23 (s, 3 H, MeC), 
2.31 (br m, 4 H, C8H12), 3.56 (d, 2JHH = 7.8 Hz, 2 H, CNCMe2CH2O), 3.65 (d, 2JHH = 7.8 Hz, 
2 H, CNCMe2CH2O), 4.11 (br s, 4 H, C8H12), 4.97 (s, 2 H, C5H4), 5.39 (s, 2 H, C5H4). 
13C{1H} NMR (150 MHz, benzene-d6): δ 26.21 (MeC), 28.11 (CNCMe2CH2O), 28.30 
(CNCMe2CH2O), 32.90 (C8H12), 43.34 (MeC), 63.78 (d, 1JRhC = 13.9 Hz, C8H12), 67.32 
(CNCMe2CH2O), 79.17 (CNCMe2CH2O), 85.7 (d, 1JRhC = 3.9 Hz, C5H4), 87.23 (d, 1JRhC = 
3.3 Hz, C5H4), 108.96 (d, 1JRhC = 4.2 Hz, ipso-C5H4), 166.11 (CNCMe2CH2O). 15N{1H} 
NMR: δ –133. IR (KBr, cm–1): 2968 (s), 2929 (m), 2871 (m), 2823 (w), 1654 (s, νCN), 1461 
(w), 1382 (w), 1365 (m), 1347 (m), 1324 (w), 1281 (m), 1247 (w), 1247 (w), 1199 (m), 1078 
(s), 993 (w), 973 (m), 934 (w), 870 (w), 816 (w), 796 (w), 774 (w), 545 (w), 419 (w), 397 
(w). Anal. calcd for C25H35N2O2Rh: C, 60.24; H, 7.08; N, 5.62. Found: C, 60.45; H, 7.53; N, 
5.38. 
{BoMCp}Ir(h4-C8H12). {BoMCp}Ir(h4-C8H12) was synthesized through procedures that are 
analogous to those given for {BoMCp}Rh(h4-C8H12). Route A: A solution of [Ir(µ-OMe)(h4-
C8H12)]2 (0.150 g, 0.226 mmol) in benzene (2 mL) was added to a solution of BoMCpH 
(0.130 g, 0.452 mmol) in benzene. The mixture was stirred at ambient temperature for 3 h, 
and then the volatiles were evaporated under reduced pressure to yield a brown oil. The oil 
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was dissolved in benzene and passed through a short plug of neutral alumina. The solvent 
was evaporated to yield a brown oil, which was subsequently triturated with diethyl ether and 
dried overnight under reduced pressure to yield {BoMCp}Ir(h4-C8H12) as a brown solid 
(0.248 g, 0.422 mmol, 93.4%). Route B: A solution of BoMCpTl (0.128 g, 0.260 mmol) in 
benzene (2 mL) was added to a solution of [Ir(µ-Cl)(h4-C8H12)]2 (0.088 g, 0.130 mmol) in 
benzene (2 mL).  The mixture was stirred at ambient temperature for 3 h. The solution was 
filtered to remove thallium chloride, and then the solvent was evaporated under reduced 
pressure to yield a brown oil. The oil was triturated with diethyl ether and dried overnight 
under reduced pressure to yield {BoMCp}Ir(h4-C8H12) as a brown solid (0.150 g, 0.255 
mmol, 98.1%). 1H NMR (600 MHz, benzene-d6): δ 1.11 (s, 12 H, CNCMe2CH2O), 1.99 (m 4 
H, C8H12), 2.15 (s, 3 H, MeC), 2.26 (br m, 4 H, C8H12), 3.59 (d, 2JHH = 7.8 Hz, 2 H, 
CNCMe2CH2O), 3.63 (d, 2JHH = 7.8 Hz, 2 H, CNCMe2CH2O), 3.96 (br s, 4 H, C8H12), 4.90 
(s, 2 H, C5H4), 5.35 (s, 2 H, C5H4). 13C{1H} NMR (150 MHz, benzene-d6): δ 25.68 (MeC), 
28.03 (CNCMe2CH2O), 28.27 (CNCMe2CH2O), 34.24 (C8H12), 43.11 (MeC), 47.13 (C8H12), 
67.36 (CNCMe2CH2O), 79.22 (CNCMe2CH2O), 81.42 (C5H4), 82.52 (C5H4), 103.26 (ipso-
C5H4), 165.61 (CNCMe2CH2O). 15N{1H} NMR: δ –132.6. IR (KBr, cm–1): 2968 (s), 2922 
(s), 2882 (m), 2828 (m), 1652 (s, νCN), 1459 (w), 1365 (m), 1348 (w), 1318 (w), 1278 (m), 
1245 (m), 1197 (m), 1152 (w), 1108 (s), 1037 (w), 1020 (m), 969 (m), 934 (m), 905 (m), 874 
(w), 815 (m), 765 (w), 662 (w), 606 (w), 550 (w), 497 (w), 419 (w). Anal. calcd for 
C25H35N2O2Ir: C, 51.09; H, 6.00; N, 4.77. Found: C, 50.65; H, 6.01; N, 4.43. Mp: 136–138 
°C. 
{BoMCp}RhBr2. {BoMCp}Rh(η2-C2H4)2 (0.150 g, 0.336 mmol) was dissolved in benzene 
(20 mL), 2.0 mL (2.0 mmol) of a 1 M bromine solution in benzene was added, and the 
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mixture was stirred for 1 h. Volatiles were removed under reduced pressure to yield 
{BoMCp}RhBr2 (0.171 g, 0.312 mmol, 92.6%) as an orange-red solid. 1H NMR (600 MHz, 
acetonitrile-d3, 298 K): δ 1.33 (br s, 12 H, CNCMe2CH2O), 1.80 (s, 3 H, MeC), 4.15 (br s, 4 
H, CNCMe2CH2O), 5.65 (br s, 2 H, C5H4), 5.84 (br s, 2 H, C5H4). 1H NMR (600 MHz, 
acetonitrile-d3, 263 K): δ 1.23 (s, 3 H, CNCMe2CH2O), 1.26 (s, 3 H, CNCMe2CH2O), 1.35 
(s, 3 H, CNCMe2CH2O), 1.36 (s, 3 H, CNCMe2CH2O), 1.78 (s, 3 H, MeC), 4.06 (d, 2JHH = 
8.4 Hz, 1 H, CNCMe2CH2O), 4.11 (d, 2JHH = 8.4 Hz, 1 H, CNCMe2CH2O), 4.18 (d, 2JHH = 
8.4 Hz, 1 H, CNCMe2CH2O), 4.21 (d, 2JHH = 8.4 Hz, 1 H, CNCMe2CH2O), 5.64 (br s, 1 H, 
C5H4), 5.68 (br s, 1 H, C5H4), 5.79 (br s, 1 H, C5H4), 5.89 (br s, 1 H, C5H4). 13C{1H} NMR 
(100 MHz, acetonitrile-d3, 263 K): δ 20.63 (MeC), 26.40 (CNCMe2CH2O), 26.80 
(CNCMe2CH2O), 27.80 (CNCMe2CH2O), 28.04 (CNCMe2CH2O), 44.43 (MeC), 68.55 
(CNCMe2CH2O), 70.51 (CNCMe2CH2O), 79.53 (d, 1JRhC = 7.5 Hz, C5H4), 80.39 
(CNCMe2CH2O), 80.95 (CNCMe2CH2O), 85.93 (br, C5H4), 89.32 (br, C5H4), 102.88 (d, 
1JRhC = 6.6 Hz, C5H4), 161.34 (CNCMe2CH2O), 177.40 (CNCMe2CH2O). IR (KBr, cm–1): 
3080 (m), 2969 (m), 2928 (m), 2898 (w), 2869 (w), 1664 (m), 1617 (m), 1459 (m), 1368 (m), 
1320 (m), 1293 (m), 1254 (w), 1218 (w) 1194 (w), 1170 (w), 1107 (m), 1023 (w), 965 (m), 
946 (m). Anal. calcd for C17H23Br2N2O4Rh (containing two co-crystallized H2O per Rh that 
affect H combustion): C, 37.12; H, 4.21; N, 5.09. Found: C, 37.12; H, 3.27; N, 4.88. Mp: 
210–213 °C. 
BoMFluH. A solution of 9-bromofluorene (0.384 g, 1.57 mmol) in tetrahydrofuran (20 mL), 
cooled to 0 °C in an ice bath, was slowly added to an ice-cooled solution of lithio-bis-1,1-
(4,4-dimethyl-2-oxazolinyl)ethane (0.360 g, 1.57 mmol) in tetrahydrofuran (20 mL) over 5 
min. to produce a yellow-orange solution. The solution was allowed to stir at 0 °C for 30 
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min., and then the volatiles were evaporated under reduced pressure. The resulting orange 
solid was dissolved in 150 mL of Et2O and washed with water (4 × 50 mL).  The organic 
layer was dried with Na2SO4, and the solvent was evaporated to dryness. The orange solid 
was dissolved in benzene and allowed to stand over P2O5 overnight under an inert 
atmosphere. Filtration, followed by evaporation of the benzene yielded analytically pure 
BoMFluH (0.525 g, 1.35 mmol, 86.0%). X-ray quality crystals were obtained from a 
concentrated Et2O solution cooled to –80 °C. 1H NMR (600 MHz, benzene-d6): δ 1.17 (s, 6 
H, CNCMe2CH2O), 1.19 (s, 6 H, CNCMe2CH2O), 1.30 (s, 3 H, MeC), 3.72 (s, 4 H, 
CNCMe2CH2O), 5.53 (s, 1 H, H9-C13H9), 7.22 (m, 4 H, C13H9), 7.58 (d, 3JHH = 7.2 Hz, 2 H, 
C13H9), 7.76 (d, 3JHH = 7.2 Hz, 2 H, C13H9). 13C{1H} NMR (150 MHz, benzene-d6): δ 16.68 
(MeC), 28.26 (CNCMe2CH2O), 28.66 (CNCMe2CH2O), 46.94 (MeC), 51.45 (C9-C13H9), 
67.62 (CNCMe2CH2O), 79.31 (CNCMe2CH2O), 120.03 (C1,C8-C13H9), 126.59 (C4,C5-
C13H9), 127.23 (C2,C7 or C3,C6-C13H9), 127.56 (C2,C7 or C3,C6-C13H9), 142.80 (C11,C12-
C13H9), 144.61 (C10,C13-C13H9), 165.77 (CNCMe2CH2O). 15N NMR: δ –129.2. IR (KBr, 
cm–1):  2967 (s), 2926 (w), 2884 (w), 1660 (s, νCN), 1643 (m, νCN), 1449 (m), 1375 (w), 1310 
(m), 1257 (w), 1190 (m), 1100 (w), 1073 (m), 973 (m), 932 (m), 740 (s), 637 (w), 534 (w). 
Anal. Calcd for C25H28N2O2: C, 77.29; H, 7.26; N, 7.21. Found: C, 76.87; H, 7.58; N, 7.01. 
Mp: 118–121 °C. 
{BoMFlu}Rh(h4-C8H12). A solution of BoMFluH (0.097 g, 0.248 mmol) in toluene (4 mL) 
was added to solid potassium benzyl (0.034 g, 0.260 mmol) and stirred overnight at room 
temperature to form a red-orange suspension of BoMFluK. Then, a solution of [Rh(µ-Cl)(η4-
C8H12)]2 (0.061 g, 0.124 mmol) in toluene (2 mL) was added to the suspension, and the 
reaction mixture was stirred at room temperature for 4 h. The volatiles were evaporated under 
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reduced pressure to dryness, and the solid residue was extracted with benzene (4 mL), 
filtered, and the benzene was evaporated. This solid was washed with Et2O (2 × 1 mL) and 
pentane (2 × 1 mL) and dried under vacuum overnight to yield {BoMFlu}Rh(η4-C8H12) 
(0.071 g, 0.119 mmol, 48.0%) as a red-orange solid. X-ray quality crystals were grown in a 
concentrated solution of toluene at room temperature over several days. 1H NMR (600 MHz, 
benzene-d6): δ 0.98 (s, 6 H, CNCMe2CH2O), 1.02 (s, 6 H, CNCMe2CH2O), 1.42 (m, 4 H, 
C8H12), 1.82 (s, 3 H, MeC), 1.89 (m, 4 H, C8H12), 3.28 (br s, 4 H, C8H12), 3.45 (d, 2JHH = 8.4 
Hz, 2 H, CNCMe2CH2O), 3.54 (d, 2JHH = 8.4 Hz, 2 H, CNCMe2CH2O), 7.31 (t, 3JHH = 7.2 
Hz, 2 H, C13H8), 7.41 (t, 3JHH = 7.2 Hz, 2 H, C13H8), 7.51 (d, 3JHH = 7.8 Hz, 2 H, C13H8), 8.03 
(d, 3JHH = 7.8 Hz, 2 H, C13H8). 13C{1H} NMR (150 MHz, benzene-d6): δ 23.03 (MeC), 27.70 
(CNCMe2CH2O), 27.74 (CNCMe2CH2O), 31.19 (C8H12), 51.97 (MeC), 64.14 (d, 1JRhC = 
18.1 Hz, C9-C9H8), 68.06 (CNCMe2CH2O), 77.35 (d, 1JRhC = 12.1 Hz, C8H12), 80.10 
(CNCMe2CH2O), 120.35 (C13H8), 122.51 (C13H8), 124.41 (C13H8), 124.89 (C13H8), 137.20 
(C13H8), 146.54 (C13H8), 173.65 (CNCMe2CH2O). 15N{1H} NMR: δ –152. IR (KBr, cm–1): 
3069 (w), 3038 (w), 2962 (s), 2962 (s), 2925 (m), 2866 (m), 2818 (m), 1655 (s, νCN), 1616 (s, 
νCN), 1561 (w), 1460 (m), 1435 (m), 1395 (w), 1379 (m), 1364 (m), 1326 (s), 1277 (w), 1230 
(w), 1190 (m), 1157 (m), 1125 (m), 1092 (m), 1075 (s),  1022 (w), 976 (m), 961 (m), 927 
(w), 906 (w), 891 (w), 875 (w), 854 (w), 836 (w), 795 (m), 753 (m), 736 (s), 638 (w), 622 
(w), 607 (w). Anal. calcd for C33H39N2O2Rh: C, 66.22; H, 6.57; N, 4.68. Found: C, 66.13; H, 
6.41; N, 4.43. Mp: 187–189 °C. 
{BoMFlu}Ir(h4-C8H12). A solution of BoMFluH (0.290 g, 0.764 mmol) in toluene (6 mL) was 
added to potassium benzyl (0.102 g, 0.783 mmol). The reaction mixture was stirred overnight 
at room temperature. A solution of [Ir(µ-Cl)(h4-C8H12)]2 (0.250 g, 0.372 mmol) in toluene (4 
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mL) was added to the resulting red-orange suspension, and the resulting mixture was stirred 
at room temperature for 4 h. The volatiles were evaporated under reduced pressure, and the 
residue was dried under vacuum overnight. The resulting solid was dissolved in benzene (6 
mL) and filtered. The filtrate was evaporated to dryness to give a red-orange solid residue, 
which was washed with diethyl ether (2 × 1 mL) and pentane (2 × 1 mL) and then dried 
under vacuum overnight to yield {BoMFlu}Ir(h4-C8H12) (0.242 g, 0.350 mmol, 45.8%) as a 
red-yellow solid. X–ray quality crystals were grown by slow diffusion of pentane into a 
diethyl ether solution of {BoMFlu}Ir(h4-C8H12) at –30 °C. 1H NMR (600 MHz, benzene-d6): 
δ 0.94 (s, 6 H, CNCMe2CH2O), 1.00 (s, 6 H, CNCMe2CH2O), 1.23 (m, 4 H, C8H12), 1.83 (m, 
4 H, C8H12), 1.89 (s, 3 H, MeC), 3.18 (br s, 4 H, C8H12), 3.39 (d, 2JHH = 8.4 Hz, 2 H, 
CNCMe2CH2O), 3.49 (d, 2JHH = 8.4 Hz, 2 H, CNCMe2CH2O), 7.27 (t, 3JHH = 7.2 Hz, 2 H, 
C13H8), 7.39 (t, 3JHH = 7.2 Hz, 2 H, C13H8), 7.55 (d, 3JHH = 7.8 Hz, 2 H, C13H8), 7.99 (d, 3JHH 
= 7.8 Hz, 2 H, C13H8). 13C{1H} NMR (150 MHz, benzene-d6): δ 24.26 (MeC), 27.34 
(CNCMe2CH2O), 27.38 (CNCMe2CH2O), 31.66 (C8H12), 52.57 (MeC), 61.61 (C8H12), 66.87 
(C9-C13H8), 68.29 (CNCMe2CH2O), 80.72 (CNCMe2CH2O), 119.48 (C13H8), 123.26 
(C13H8), 123.92(C13H8), 126.21 (C13H8), 138.30 (C13H8), 148.08 (C13H8), 178.04 
(CNCMe2CH2O). 15N{1H} NMR: δ –151.7. IR (KBr, cm–1): 3072 (w), 3014 (s), 2963 (m), 
2925 (s), 2869 (m), 2820 (m), 1656 (s, νCN), 1604 (s, νCN), 1460 (m), 1443 (m), 1399 (w), 
1381 (m), 1366 (m), 1328 (s), 1280 (w), 1257 (w), 1205 (w), 1185 (m), 1158 (w), 1127 (m), 
1091 (m), 1075 (s), 1024 (w), 995 (m), 976 (m), 960 (w), 929 (w), 895 (w), 873 (w), 837 (w), 
821 (m), 804 (w), 784 (w), 754 (m), 738 (s), 645 (w), 622 (w), 609 (w). Anal. calcd for 
C33H39N2O2Ir: C, 57.62; H, 5.71; N, 4.07. Found: C, 57.14; H, 6.02; N, 4.06. Mp: 204–208 
°C. 
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{BoMFlu}Rh(CO)2. A solution of {BoMFlu}Rh(h4-C8H12) (0.243 g, 0.407 mmol) in benzene 
(4 mL) was degassed with freeze-pump-thaw cycles (3´) and exposed to one atmosphere of 
carbon monoxide. The mixture was allowed to stir for 1 h, after which the solution became a 
yellow-green color. The volatiles were evaporated under reduced pressure to yield 
{BoMFlu}Rh(CO)2 (0.216 g, 0.395 mmol, 97.1%) as a yellow-green solid. X-ray quality 
crystals were grown in concentrated toluene at –30 °C. 1H NMR (600 MHz, benzene-d6): δ 
0.90 (s, 6 H, CNCMe2CH2O), 0.99 (s, 6 H, CNCMe2CH2O), 1.77 (s, 3 H, MeC), 3.37 (d, 2JHH 
= 8.4 Hz, 2 H, CNCMe2CH2O), 3.51 (d, 2JHH = 8.4 Hz, 2 H, CNCMe2CH2O), 7.30 (t, 3JHH = 
7.2 Hz, 2 H, C13H8), 7.37 (t, 3JHH = 7.8 Hz, 2 H, C13H8), 7.68 (d, 3JHH = 7.8 Hz, 2 H, C13H8), 
7.97 (d, 3JHH = 7.8 Hz, 2 H, C13H8). 13C{1H} NMR (150 MHz, benzene-d6): δ 28.88 (MeC), 
27.87 (CNCMe2CH2O), 27.93 (CNCMe2CH2O), 51.58 (MeC), 62.26 (d, 1JRhC = 17.2 Hz, 
C9–C13H8), 66.77 (CNCMe2CH2O), 79.89 (CNCMe2CH2O), 120.30 (C13H8), 123.90 (C13H8), 
125.01 (C13H8), 126.20 (C13H8), 137.03 (C13H8), 149.88 (C13H8), 174.31 (CNCMe2CH2O). 
15N{1H} NMR: δ –153. IR (KBr, cm–1): 2974 (w), 2928 (w), 2885 (w), 2052 (s, νCO), 1989 
(s, νCO), 1659 (m, νCN), 1621 (m, νCN), 1459 (m), 1436 (w), 1401 (w), 1383 (m), 1367 (m), 
1328 (m), 1227 (w), 1124 (m), 1091 (m), 1072 (m), 977 (w), 814 (w), 744 (m), 678 (w), 581 
(w). Anal. calcd for C27H27N2O4Rh: C, 59.35; H, 4.98; N, 5.13. Found: C, 59.14; H, 4.56; N, 
5.06. Mp: 215–217 °C. 
{BoMFlu}Ir(CO)2. A solution of {BoMFlu}Ir(h4-C8H12) (0.225 g, 0.327 mmol) in benzene (4 
mL) was degassed with freeze-pump-thaw cycles (3´) and exposed to one atmosphere of 
carbon monoxide. The mixture was allowed to stir for 1 h, after which the solution turned 
from red to a dark yellow-green. The volatiles were evaporated under reduced pressure to 
yield {BoMFlu}Ir(CO)2 (0.198 g, 0.311 mmol, 95%) as a yellow-green solid. 1H NMR (400 
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MHz, benzene-d6): δ 0.88 (s, 6 H, CNCMe2CH2O), 0.98 (s, 6 H, CNCMe2CH2O), 1.77 (s, 3 
H, MeC), 3.33 (d, 2JHH = 8.4 Hz, 2 H, CNCMe2CH2O), 3.47 (d, 2JHH = 8.4 Hz, 2 H, 
CNCMe2CH2O), 7.27 (t, 3JHH = 7.4 Hz, 2 H, C13H8), 7.36 (t, 3JHH = 7.4 Hz, 2 H, C13H8), 7.61 
(d, 3JHH = 8.4 Hz, 2 H, C13H8), 7.95 (d, 3JHH = 8.4 Hz, 2 H, C13H8). 13C{1H} NMR (150 
MHz, benzene-d6): δ 23.87 (MeC), 27.82 (CNCMe2CH2O), 27.84 (CNCMe2CH2O), 51.80 
(MeC), 64.80 (C9–C13H8), 67.24 (CNCMe2CH2O), 80.23 (CNCMe2CH2O), 119.88 (C13H8), 
124.76 (C13H8), 124.92 (C13H8), 126.97 (C13H8), 138.17 (C13H8), 150.43 (C13H8). 15N{1H} 
NMR: δ –152. IR (KBr, cm–1): 2975 (w), 2930 (w), 2886 (w), 2045 (s, νCO), 1978 (s, νCO), 
1661 (m, νCN), 1611 (m, νCN), 1459 (w), 1443 (w), 1407 (w), 1386 (w), 1368 (w), 1330 (w), 
1125 (w), 1093 (m), 1070 (w), 964 (w), 830 (w), 746 (w). Anal. calcd for C27H27N2O4Ir: C, 
51.01; H, 4.28; N, 4.41. Found: C, 51.13; H, 4.08; N, 4.34. Mp: 230–234 °C. 
[{BoMFlu-H}Rh(h4-C8H12)][BF4]. {BoMFlu}Rh(h4-C8H12) (0.128 g, 0.214 mmol) dissolved 
in tetrahydrofuran (4 mL) was added to a solution of [NH4][BF4] (0.023 g, 0.214 mmol) in 
tetrahydrofuran (2 mL). The resulting reaction mixture was stirred overnight at room 
temperature to give a yellow solution. The solution was concentrated (~0.5 mL), and pentane 
(3 mL) was added to precipitate [{BoMFlu-H}Rh(h4-C8H12)][BF4] as a yellow powder. The 
mother liquor was decanted. The precipitate was washed with pentane (2 × 2 mL) and then 
dried under reduced pressure overnight to afford [{BoMFlu-H}Rh(η4-C8H12)][BF4] (0.127 g, 
0.186 mmol, 87%) as a yellow solid. 1H NMR (600 MHz, methylene chloride-d2): δ 0.77 (s, 
3 H, MeC), 1.49 (s, 6 H, CNCMe2CH2O), 1.66 (s, 6 H, CNCMe2CH2O), 1.72 (m, 2 H, 
C8H12), 1.96 (m, 4 H, C8H12), 2.58 (m, 2 H, C8H12), 4.39 (d, 2JHH = 9.0 Hz, 2 H, 
CNCMe2CH2O), 4.42 (d, 2JHH = 9.0 Hz, 2 H, CNCMe2CH2O), 4.66 (br s, 2 H, C8H12), 4.92 
(br s, 2 H, C8H12), 7.29 (d, 3JHH = 7.2 Hz, 2 H, C13H8), 7.40 (t, 3JHH = 6.6 Hz, 2 H, C13H8), 
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7.54 (t, 3JHH = 7.8 Hz, 2 H, C13H8), 7.91 (d, 3JHH = 7.8 Hz, 2 H, C13H8), 8.42 (s, 1H, C9-
C13H8). 13C{1H} NMR (150 MHz, methylene chloride-d2): δ 11.63 (MeC), 27.38 
(CNCMe2CH2O), 28.70 (CNCMe2CH2O), 30.55 (C8H12), 30.60 (C8H12), 49.79 (MeC), 58.40 
(C9-C13H8), 70.92 (CNCMe2CH2O), 81.54 (d, 1JRhC = 12.1 Hz, C8H12), 83.98 (d, 1JRhC = 12.1 
Hz, C8H12), (CNCMe2CH2O), 121.29 (C13H8), 123.28 (C13H8), 128.33 (C13H8), 129.46 
(C13H8), 141.14 (C13H8), 142.26 (C13H8), 173.24 (CNCMe2CH2O). 11B NMR: δ –1.18. 
15N{1H} NMR: δ –183. 19F NMR: δ –152.7. IR (KBr, cm–1): 3338 (s), 3001 (w), 2968 (m), 
2929 (m), 2885 (w), 2938 (w), 1630 (s, νCN), 1436 (s), 1375 (m), 1314 (s), 1259 (w), 1215 
(m), 1057 (s, br), 958 (m), 866 (m), 794 (m), 520 (m). Anal. calcd for C33H40BF4N2O2Rh: C, 
57.74; H, 5.87; N, 4.08. Found: C, 57.40; H, 5.45; N, 3.69. Mp: 168–171 °C. 
[{BoMFlu-H}Ir(h4-C8H12)][BF4]. A solution of {BoMFlu}Ir(h4-C8H12) (0.094 g, 0.137 
mmol) in tetrahydrofuran (4 mL) was added to [NH4][BF4] (0.015 g, 0.137 mmol) dissolved 
in tetrahydrofuran (2 mL), and giving a solution that was stirred overnight at room 
temperature. The resulting yellow solution was concentrated (~0.5 mL), and pentane (3 mL) 
was added to precipitate a yellow-green powder. The supernatant was decanted by pipet, and 
the powder was washed with pentane (2 × 2 mL). The solid was dried under reduced pressure 
overnight to produce [{BoMFlu-H}Ir(η4-C8H12)][BF4] (0.087 g, 0.112 mmol, 82%) as a 
yellow-green solid. 1H NMR (600 MHz, methylene chloride-d2): δ 0.78 (s, 3 H, MeC), 1.48 
(m, 2 H, C8H12), 1.58 (s, 6 H, CNCMe2CH2O), 1.68 (s, 6 H, CNCMe2CH2O), 1.75 (m, 2 H, 
C8H12), 1.80 (m, 2 H, C8H12), 2.38 (m, 2 H, C8H12), 4.41 (br m, 2 H, C8H12), 4.45 (d, 2JHH = 
9.0 Hz, 2 H, CNCMe2CH2O), 4.60 (d, 2JHH = 9.0 Hz, 2 H, CNCMe2CH2O), 4.77 (br m, 2 H, 
C8H12), 7.28 (d, 3JHH = 7.2 Hz, 2 H, C13H8), 7.39 (vt, 3 H, C13H8 and C9-C13H8), 7.52 (t, 3JHH 
= 7.8 Hz, 2 H, C13H8), 7.88 (d, 3JHH = 7.8 Hz, 2 H, C13H8). 13C{1H} NMR (150 MHz, 
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methylene chloride-d2): δ 11.83 (MeC), 27.71 (CNCMe2CH2O), 28.14 (CNCMe2CH2O), 
31.11 (C8H12), 31.23 (C8H12), 50.14 (MeC), 59.05 (C9-C13H8), 66.03 (C8H12), 67.83 (C8H12), 
72.19 (CNCMe2CH2O), 84.33 (CNCMe2CH2O), 121.17 (C13H8), 123.37 (C13H8), 128.19 
(C13H8), 129.39 (C13H8), 141.02 (C13H8), 142.13 (C13H8), 173.91 (CNCMe2CH2O). 11B 
NMR: δ –1.17. 15N{1H} NMR: δ –184.2 19F NMR: δ –152.8. IR (KBr, cm–1): 3342 (w), 3280 
(w), 2921 (m), 2886 (w), 2839 (w), 1620 (s, νCN), 1456 (m), 1409 (m), 1377 (m), 1320 (m), 
1218 (w), 1166 (m), 1058 (s, br), 954 (m), 793 (m), 745 (m), 683 (m). Anal. calcd for 
C33H40BF4N2O2Ir: C, 51.10; H, 5.20; N, 3.61. Found: C, 50.97; H, 5.36; N, 3.59. Mp: 150–
154 °C. 
{BoMFlu}Rh(h4-C16H12). A solution of BoMFluH (0.255 g, 0.657 mmol) in toluene (6 mL) 
was added to potassium benzyl (0.092 g, 0.705 mmol), and the reaction mixture was stirred 
overnight at room temperature to give a red-orange suspension. A solution of [Rh(µ-Cl)(h4-
C16H12)]2 (0.225 g, 0.328 mmol) in toluene (4 mL) was added, and the reaction mixture was 
stirred at room temperature for 4 h. The reaction mixture was evaporated to dryness. The 
resulting solid was extracted with Et2O (10 mL) and filtered. The filtrate was evaporated 
under reduced pressure to dryness to give a red-orange oily residue, which was washed with 
Et2O (1 mL) and pentane (5 × 1 mL), and then dried under vacuum overnight to yield 
{BoMFlu}Rh(h4-C16H12) (0.215 g, 0.309 mmol, 47.1%) as a yellow-orange solid. 1H NMR 
(600 MHz, benzene-d6): δ 1.01 (s, 6 H, CNCMe2CH2O), 1.10 (s, 6 H, CNCMe2CH2O), 1.59 
(s, 3 H, MeC), 3.52 (d, 2JHH = 8.4 Hz, 2 H, CNCMe2CH2O), 3.53 (d, 2JHH = 8.4 Hz, 2 H, 
CNCMe2CH2O), 4.18 (br s, 4 H, C16H12), 6.57 (m, 4 H, C16H12), 6.75 (m, 4 H, C16H12), 7.27 
(t, 3JHH = 7.2 Hz, 2 H, C13H8), 7.33 (t, 3JHH = 7.5 Hz, 2 H, C13H8), 7.63 (d, 3JHH = 7.8 Hz, 2 
H, C13H8), 7.98 (d, 3JHH = 7.8 Hz, 2 H, C13H8). 13C{1H} NMR (150 MHz, benzene-d6): δ 
57 
19.92 (MeC), 27.24 (CNCMe2CH2O), 27.94 (CNCMe2CH2O), 54.49 (MeC), 66.61 (d, 1JRhC 
= 18.4 Hz, C9-C13H8), 67.92 (CNCMe2CH2O), 78.10 (br s, C16H12), 81.07 (CNCMe2CH2O), 
119.98 (C13H8), 123.51 (C13H8), 124.37 (C13H8), 125.05 (C13H8), 125.45 (C16H12), 125.81 
(C16H12), 137.87 (C13H8), 145.60 (C16H12), 147.94 (C13H8), 174.25 (CNCMe2CH2O). 
15N{1H} NMR: δ –152.8. IR (KBr, cm–1): 3053 (w), 3020 (w), 2979 (s), 2929 (m), 2927 (m), 
2899 (m), 1655 (s, νCN), 1625 (m, νCN), 1489 (m), 1474 (m), 1442 (s), 1364 (s), 1308 (s), 
1211 (w), 1122 (w), 1094 (s), 972 (m), 954 (s), 830 (s), 788 (m), 750 (m), 725 (s), 665 (m). 
Anal. calcd for C41H39N2O2Rh: C, 70.89; H, 5.66; N, 4.03. Found: C, 70.92; H, 5.95; N, 3.78. 
Mp: 220–223 °C. 
{BoMFlu}Ir(h4-C16H12). A solution of BoMFluH (0.154 g, 0.396 mmol) in toluene (6 mL) 
was added to potassium benzyl (0.052 g, 0.400 mmol). The reaction mixture was stirred 
overnight at room temperature resulting in a red-orange suspension. A toluene solution of 
[Ir(µ-Cl)(h4-C16H12)]2 (0.171 g, 0.198 mmol; 4 mL) was added, and the reaction mixture was 
stirred at room temperature for 4 h. Evaporation of the reaction mixture, extraction with Et2O 
(10 mL) from residual salts, and evaporation of the filtrate gave a red-orange solid residue. 
The solid was washed with Et2O (1 mL) and pentane (3 × 1 mL) and then dried under 
vacuum overnight to yield {BoMFlu}Ir(h4-C16H12) (0.134 g, 0.171 mmol, 43.3%) as a red 
solid. 1H NMR (600 MHz, benzene-d6): δ 0.95 (s, 6 H, CNCMe2CH2O), 1.24 (s, 6 H, 
CNCMe2CH2O), 1.27 (s, 3 H, MeC), 3.60 (d, 2JHH = 8.4 Hz, 2 H, CNCMe2CH2O), 3.66 (d, 
2JHH = 8.4 Hz, 2 H, CNCMe2CH2O), 4.07 (br s, 4 H, C16H12), 6.58 (br s, 4 H, C16H12), 6.83 
(br s, 4 H, C16H12), 7.28 (m, 4 H, C13H8), 7.57 (d, 3JHH = 7.8 Hz, 2 H, C13H8), 7.91 (d, 3JHH = 
7.8 Hz, 2 H, C13H8). 13C{1H} NMR (150 MHz, benzene-d6): δ 16.31 (MeC), 26.68 
(CNCMe2CH2O), 28.36 (CNCMe2CH2O), 54.70 (MeC), 58.29 (C16H12), 68.36 
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(CNCMe2CH2O), 69.07 (C9-C13H8), 83.03 (CNCMe2CH2O), 119.51 (C13H8), 123.91 
(C13H8), 124.63 (C13H8), 125.08 (C16H12), 125.64 (C16H12), 126.03 (C13H8), 139.70 (C13H8), 
148.89 (C16H12), 150.39 (C13H8), 177.74 (CNCMe2CH2O). 15N{1H} NMR: δ –162.2. IR 
(KBr, cm–1): 3062 (m), 2967 (s), 2926 (m), 1651 (s, νCN), 1606 (m, νCN), 1487 (m), 1450 (m), 
1368 (m), 1314 (m), 1248 (w), 1212 (w), 1192 (w), 1098 (s), 1084 (s), 973 (w), 943 (w), 830 
(m), 749 (s). Anal. calcd for C41H39N2O2Ir: C, 62.81; H, 5.01; N, 3.57. Found: C, 62.31; H, 
4.65; N, 3.07. Mp: 240–244 °C. 
 Computational Details. All calculations were performed using the GAMESS 
software package.51 Calculations of the ground state geometries were performed at the DFT 
level of theory using the M06-L functional. The 6-31G(d) basis set was used for all atoms 
except rhodium where the LANL2DZ basis set and pseudopotential was used. MP2 
calculations were performed on a restricted open shell system using LANL2DZ basis set and 
ECP for rhodium and 6-31g* for all other atoms.  All calculations of radical species were 
performed using the restricted open-shell approximation. Ground state geometries were 
confirmed with Hessian calculations at the optimized geometries, all showing a positive 
definite mode. 
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Abstract  
The organolanthanide complexes Ln{C(SiHMe2)3}3 (Ln = La, 1a; Ce, 1b; Pr, 1c; Nd, 
1d) react with one or two equiv. of B(C6F5)3 to yield the well-defined zwitterionic species 
Ln{C(SiHMe2)3}2HB(C6F5)3 (Ln = La, 2a; Ce, 2b; Pr, 2c; Nd, 2d) or 
LnC(SiHMe2)3{HB(C6F5)3}2 (Ln = La, 3a; Ce, 3b; Pr, 3c; Nd, 3d), respectively. These 
complexes are shown to contain labile, bridging Si–H⇀Ln and o-F®Ln interactions based 
upon the observation of low one-bond silicon-hydrogen coupling constants (1JSiH) in 1H 
NMR spectra of 2a and 3a, the presence of one set of C6F5 signals in the 19F NMR spectra of 
2a and 3a, the detection of only m-F and p-F resonances in 19F NMR spectra of 2b-d and 3b-
d, two νSiH bands in IR spectra of 2a-d, and X-ray crystallography analyses of 2b and 3d. In 
addition, a hexahapto-toluene molecule is coordinated to neodymium in 3d. Reactions of 1a 
and (AlMe3)2 yield labile adducts with an approximate stoichiometry of 1a·3AlMe3. 
Exchange between free and bound AlMe3 groups was observed in EXSY NMR experiments 
with greater than 3 equiv. of AlMe3. Compounds 2a-d and 3a-d, in the presence of AliBu3, 
are precatalysts for polymerization of butadiene. The neodymium alkyl 3d has the highest 
activity of the series, and its performance is consistent with chain transfer reactions with 
AliBu3. 
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Introduction 
Rare-earth metal-based Ziegler-type catalysts are highly active for insertion 
polymerizations, including the synthesis of polybutadiene with high 1,4-cis content used in 
high-performance tires.1-3 These catalysts, composed of neodymium salts, alkylating agents, 
and chloride sources of varying proportions, are typically evaluated on the basis of 
polymerization outcomes (activity, molecular weight, dispersity, and microstructure). The 
complex precatalyst mixtures form active species through multistep, and often ambiguous 
pathways to give highly active, yet poorly defined, species. Despite these complications, 
several trends have emerged from polymerization studies, and the interpretation of data 
suggest superior catalysts are monomeric, containing a single, positively charged neodymium 
center that is coordinated by a reactive chain via multi-hapto interactions involving allyl and 
olefin moieties. For example, a monomeric neodymium carboxylate precatalyst, formed as a 
carboxylic acid adduct and mixed with Et2AlCl, iBu2AlH, and AliBu3, has significantly 
enhanced butadiene polymerization activity compared to oligomeric neodymium 
carboxylates or other salts.4 Second, coordinating ligands such as THF reduce activity and 
selectivity for cis-1,4-microstructure in butadiene polymerizations catalyzed by the 
neodymium versatate/iBu2AlH/tBuCl mixture, for example.5 Likewise, competitive 
coordination between diene and arenes has been proposed on the basis of the influence of 
aromatic solvents on polymerization activity and polymer microstructure,6 with higher 
activity and higher cis-selectivity given by the combination of Nd{N(SiMe3)2}3, 
[HNMe2Ph][B(C6F5)4] and AliBu3 for butadiene polymerization in heptane (86% cis-1,4) 
compared with toluene (70%).7 Typically, a chloride source is needed to achieve high 
selectivity for cis-1,4 butadiene enchainment. The formation of multiple sites with 
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inequivalent activities, from neodymium salts, are also proposed on the basis of kinetic 
studies and multimodal polymer distributions.6 In addition, the growing polymer chain may 
transfer from the active site to aluminum, and back to neodymium.8  
Active Ziegler-type catalytic species may also be accessed from structurally-
characterized neodymium tetraalkylaluminate9,10 or neodymium allyl compounds,11 which 
have metal-carbon bonds and compositions closer to those associated with plausible catalytic 
structures. For example, the combination of Nd(AlMe4)3 and Et2AlCl provides highly 1,4-cis-
selective isoprene polymerization catalysts, postulated to be [MeNdCl2] or [Me2NdCl]n and 
proposed to resemble Ziegler catalysts from Nd(O2CR)3/Et2AlCl/iBu2AlH/AliBu3 
mixtures.12,13 In these systems, the presence of Et2AlCl, as a source of chloride, appears 
necessary for high cis selectivity. Still, AliBu3 and AlMe3 present in the Ziegler and model 
systems, respectively, interact with metal centers with distinct coordination modes that likely 
influence the species present and catalytic mechanism. For example, dimeric species may be 
produced from bridging bimetallic alkylaluminates, such as in {Cp*2La(µ-Et2AlEt2)}2 
formed in the substitution reaction of La(AlEt4)3 and Cp*H (Cp* = C5Me5)14 to complicate 
the catalyst activation process. In addition, cationic and dicationic lanthanide allyl species 
resembles the proposed propagating species,11 but still require trialkylaluminum to achieve 
polymerization activity. In this regard, allyl or aluminate moieties present in the precatalyst 
are difficult to distinguish from end groups resulting from chain-transfer to organoaluminum 
species and do not clarify the nature of the initiating species. 
Homoleptic alkyl compounds, such as Ln(CH2SiMe3)3THF3, Li3[LnMe6], and 
Ln(AlMe4)3, react with Brønsted acids or Lewis acids such as B(C6F5)3 in the presence of 
ethers to form R2Ln(L)4+ or RLn(L)5+2.15,16 Weaker Lewis acids such as BPh3 or 
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Al(CH2SiMe3)3, are also sufficiently reactive to abstract alkyl groups in the presence of 
coordinating ether groups.17 These cationic organolanthanides also catalyze the 
polymerization of dienes, with dicationic precatalysts having higher activity than 
monocationic species.11,18 Alternatively, the monomeric, cationic, and donor-solvent-free 
alkyl lanthanide complex Cp*La{CH(SiMe3)2}BPh4 has been generated by the reaction of 
Cp*La{CH(SiMe3)2}2 and [PhNMe2H]BPh4,19 where BPh4 is tightly coordinated to the La 
center. New, well-defined alkyl lanthanide precatalysts and their activation to cationic alkyl 
species could further advance polymerization chemistry. 
The recently described tris(alkyl) complexes of the early lanthanides 
Ln{C(SiHMe2)3}3 (Ln = La, Ce, Pr, Nd)20 and group 3 (Ln = Y)21 provide a possible entry-
point into well-defined zwitterionic organometallic species. The Ln{C(SiHMe2)3}3 
compounds are stabilized by non-classical b-Si–H⇀Ln interactions and are easily synthesized 
free from coordinating ethereal donor solvents or alkali metal-containing salts. Moreover, 
these complexes are isostructural across the series, containing similar and small one-bond 
silicon-hydrogen coupling constants (1JSiH), low frequencies for Si–H stretching modes 
(nSiH), and nearly identical solid-state structures determined by X-ray diffraction. The 
zwitterionic cerium species Ce{C(SiHMe2)3}2HB(C6F5)3, formed by reaction of 
Ce{C(SiHMe2)3}3 and B(C6F5)3, is isolable as an ether-free species.22 Related reactions of 
other Ln{C(SiHMe2)3}3 and B(C6F5)3 could provide well-defined, solvent-free catalysts for 
olefin or diene polymerization, and the resulting series of cationic, dicationic, or zwitterionic 
derivatives could provide trends to compare with the trends of Ziegler-type catalyst systems. 
Here, we report the synthesis and characterization of mono- and dicationic alkyl 
hydridoborate lanthanide complexes, examine the components needed to access catalysts for 
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polymerization of 1,3-butadiene, and study the features of the most active precatalyst, 
NdC(SiHMe2)3{HB(C6F5)3}2.  
Results and Discussion 
Synthesis and characterization of zwitterionic lanthanide dialkyl and monoalkyl 
species. Reactions of Ln{C(SiHMe2)3}3 (Ln = La, 1a; Ce, 1b; Pr, 1c; Nd, 1d) and one equiv. 
of B(C6F5)3 in benzene afford zwitterionic dialkyl species Ln{C(SiHMe2)3}2HB(C6F5)3 (2a-
d) and 0.5 equiv. of disilacyclobutane {Me2Si–C(SiHMe2)2}2 within 30 min. (eq. 1). These 
products contain a new B–H bond as part of the HB(C6F5)3 moiety and the head-to-tail dimer 
of two Me2Si=C(SiHMe2)2. Together, these groups represent parts of a C(SiHMe2)3 ligand, 
and their formation is consistent with abstraction of a hydride from a b-SiH rather than alkyl 
group abstraction that would form [(Me2HSi)3C–B(C6F5)3]–. The zwitterionic species 2a-d 
are isolated in good yields by evaporating the volatile components and washing 2 with 
pentane. 
 
The 1H NMR spectrum of a micromolar scale reaction of 1a and B(C6F5)3 in benzene-
d6 indicated quantitative conversion to 2a in < 5 min. New signals at 4.45 (6 H, SiH, 1JSiH = 
135 Hz) and 0.21 ppm (36 H, SiMe2, 3JHH = 3.4 Hz) were assigned to 2a, and peaks at 4.68, 
0.56 and 0.18 ppm matched reported assignments for disilacyclobutane.23 The SiHMe2 
signals of 2a and disilacyclobutane integrated in a 3:1 ratio and suggested that two alkyl 
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groups remained bonded to the lanthanum center. The 1H NMR spectrum of isolated 2a in 
benzene-d6 contained alkyl signals equivalent to those from in situ generation. The 1JSiH of 
135 Hz for 2a is similar to that of 1a (135 vs 137 Hz). In 1a, the process exchanging bridging 
and terminal SiH groups becomes slower than the NMR timescale below 220 K, giving two 
signals for the SiH and three signals for the SiMe2. In contrast, the SiHMe2 of 2a appeared 
equivalent by NMR even at 190 K. The 29Si{1H} NMR signal of 2a at –11.2 ppm was only 
slightly lower frequency than in 1a (–13.1 ppm). The 11B NMR spectrum in benzene-d6 of 2a 
revealed a doublet at –18 ppm (1JBH = 68 Hz), confirmed the presence of the hydridoborate 
moiety, and suggested a bridging Ln–H–B interactions. For comparison, the 11B NMR signal 
for an outer-sphere hydridoborate in [Cp2ZrN(SiHMe2)2][HB(C6F5)3] appeared at –24.8 ppm 
(1JBH = 91 Hz).24 Three 19F signals were observed at –133.6 ppm (6 F, o-C6F5), –156.0 ppm 
(3 F, p-C6F5), and –161.0 ppm (6 F, m-C6F5). The observed Dd between m-F and p-F signals 
>3 ppm also provides support for the coordination of the hydridoborato ligand to the 
lanthanide center.25  
The 1H NMR spectra for paramagnetic 2b-d each contained a single, broad peak for 
the SiMe2 group (Table 1). Possible 1H NMR signals for the SiH group, as well as peaks in 
the 29Si{1H} NMR spectra, were not detected in these paramagnetic complexes. In contrast, 
1H NMR spectra of paramagnetic tris(alkyl) lanthanides 1b-d (at room temperature) revealed 
peaks both for SiMe2 and SiH. The difference between 1b-d and 2b-d, in terms of SiH 
signals, is likely related to the rate of exchange between bridging Ln↼H-Si and non-bridging 
H-Si groups. These two moieties are present in both 1 and 2, with similar average 1JSiH (for 
1a and 2a, see above); however, distinct signals for bridging and terminal SiHMe2 groups 
were detected for 1a in low temperature 1H NMR spectra, whereas exchange in 2a cannot be 
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resolved. 11B NMR signals were broad and the chemical shifts appeared outside the expected 
region for HB(C6F5)3 in a diamagnetic environment. The 19F NMR spectra of 2b-d each 
showed two signals, assigned to m-F and p-F, with similar chemical shifts as in the spectrum 
of diamagnetic 2a. The 19F NMR (and the 1H and 11B NMR) signals present in the spectra of 
2a, but not for 2b-d, suggest the C6F5, BH, and SiH moieties have significant interactions 
with the paramagnetic center. This idea is also consistent with the spectroscopic data for 2a, 
as well as the IR spectra and solid-state structure of 2b (below). 
Table 1. NMR chemical shifts of 1b-d,a 2b-d, and 3b-d acquired in benzene-d6. 
Compound 
1H NMR 11B NMR 
19F NMR 
SiMe m-F p-F 
Ce{C(SiHMe2)3}3 1b 1.0 -- -- -- 
Ce{C(SiHMe2)3}2HB(C6F5)3 2b 3.99 –45 –162 –157 
CeC(SiHMe2)3{HB(C6F5)3}2 3b 4.55 –8 –162 –155 
Pr{C(SiHMe2)3}3 1c 2.2 -- -- -- 
Pr{C(SiHMe2)3}2HB(C6F5)3 2c 10.11 –68 –165 –158 
PrC(SiHMe2)3{HB(C6F5)3}2 3c 14.12 n.d. –164 –155 
Nd{C(SiHMe2)3}3 1d 1.8 -- -- -- 
Nd{C(SiHMe2)3}2HB(C6F5)3 2d 5.63 –4 –163 –157 
NdC(SiHMe2)3{HB(C6F5)3}2 3d 8.29 25 –162 –154 
aFrom references 20 and 22. 
Infrared spectroscopy is also helpful for characterization and for comparing 
diamagnetic and paramagnetic compounds (Table 2). The IR spectra (KBr) of 2a-d contained 
bands in the ranges of 2109–2117 cm–1 and 1787–1795 cm–1, assigned to stretching modes of 
classical Si–H and non-classical Si–H⇀Ln interactions, respectively. The latter bands 
appeared at lower energy than those in the neutral starting materials 1a-d. In addition, 2255–
2268 cm–1 bands in the IR spectra of 2a-d were assigned to B-H stretching modes. These 
assignments were supported by IR spectra of the labeled isotopologues 
Ln{C(SiDMe2)3}DB(C6F5)3 (2-d7), which were synthesized by reaction of Ln{C(SiDMe2)3}3 
(1-d9) and B(C6F5)3 and which lacked bands at ~2110, 1790, and 2260 cm–1. In the spectra of 
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the labeled species, signals at ~1530, ~1310, and 1100 cm–1 were tentatively assigned to νB–D 
and νSi–D from classical Si–D and non-classical Ln↼D–Si; these signals were not present in 
the spectra of 2. In general, the similar spectra for 2a-d, acquired in the solid state, suggest 
that the four zwitterionic species adopt closely related structures. Comparisons with NMR 
spectroscopy indicate that Si–H⇀Ln interactions persist in both solid state and in solution, 
and that exchange between classical Si–H and non-classical Si–H⇀Ln is slow on the IR 
timescale but rapid on the 1H NMR timescale.  
Table 2. IR and NMR data characterizing SiH and BH moieties in 1-3. 
Compound Classical nSiH Non-classical nSiH nBH δSiH 
1JSiH 
(cm–1) (cm–1) (cm–1) (ppm) (Hz) 
La 
1a 2108 1829 -- 4.26 137 
2a 2109 1787 2263 4.45 135 
3a 2106 -- 2252 4.28 135 
Ce 
1b 2107 1829 -- 5 -- 
2b 2117 1795 2268 -- -- 
3b 2117 -- 2263 -- -- 
Pr 
1c 2108 1829 -- 12 -- 
2c 2114 1792 2255 -- -- 
3c 2111 -- 2257 -- -- 
Nd 
1d 2108 1829 -- 28 -- 
2d 2113 1795 2258 -- -- 
3d 2113 -- 2257 -- -- 
 
These interpretations of the spectroscopic data, particularly the presence of Si–H⇀Ln, 
the formation of HB(C6F5)3, and the 2:1 ratio of C(SiHMe2)3:HB(C6F5)3, are supported by a 
single crystal X-ray diffraction study of 2b (CCDC: 1507398, previously communicated).22 
The crystallographic analysis further indicates that four of the six SiHMe2 groups form Si–
H⇀Ce interactions, and two of the three perfluorophenyl groups coordinate through o-F®Ce 
interactions (Ce1–F1, 2.610(1); Ce1–F6, 2.584(1) Å). The H1b is also pointed toward the 
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cerium center, as suggested by the 11B NMR spectrum of 2a, to create a tripodal µ-H,F,F-
ligand.  
Reactions of 1a-d and two equiv. of B(C6F5)3 in benzene form the mono(alkyl) 
species LnC(SiHMe2)3{HB(C6F5)3}2 (3a-d) and one equiv. of disilacyclobutane, as indicated 
by integration of 1H NMR spectrum of the crude reaction mixture for diamagnetic 3a (eq. 2).  
 
The 1H NMR spectrum of isolated 3a contained two signals. A multiplet at 4.28 ppm (3 H, 
1JSiH = 135 Hz) and a doublet at –0.04 ppm (18 H, 3JHH = 3.6 Hz) were assigned to the SiH 
and SiMe2 groups, respectively. During isolation, prolonged drying of the sample to remove 
benzene or pentane leads to minor decomposition to unidentified species (which are not the 
hydrolysis product HC(SiHMe2)3). The 29Si NMR chemical shift of –10.3 ppm, determined 
through a 1H-29Si HMBC experiment, was slightly upfield from those of 2a (–11.2 ppm) and 
1a (–13.1 ppm). The 11B NMR spectrum showed an intense doublet at –17.7 ppm, and the 
one-bond boron–hydrogen coupling constant (1JBH = 58.4 Hz) was 10 Hz lower than the 
observed H-B coupling in 2a. The 19F NMR spectrum contained three broad signals at –136.2 
ppm (12 F, o-C6F5), –160.0 ppm (6 F, p-C6F5), and –164.3 ppm (12 F, m-C6F5), which 
suggested that all C6F5 groups are exchanging rapidly at room temperature. As in 2a, the >3 
ppm Dd between m-F and p-F signals was consistent with coordination of the hydridoborate 
ligand to the lanthanide center.25  
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The 1H NMR spectra of the paramagnetic complexes 3b-d each showed one broad 
peak assigned to the SiMe2 group (Table 1). As for 2b-d, SiH signals were not detected in 1H 
NMR spectra of 3b-d. The 11B NMR spectra of 3b and 3d revealed paramagnetically shifted, 
broad singlets that are ~35 ppm downfield of the corresponding signal in 2b and 2d (a 11B 
NMR signal for praseodymium analogue 3c was not detected). The 19F NMR spectra of 3b-d 
each contained two peaks assigned to m-F and p-F groups. These signals are downfield of the 
corresponding signals in 2b-d, by 1 ppm (m-F) and 3 ppm (p-F) and in the same range as in 
the 19F NMR spectrum of diamagnetic 3a. The observation of o-F by 19F NMR in 3a and the 
absence of this signal for 3b-d could also be explained by fluxional o-F®Ln interactions, 
similar to 2b-d. These 11B and 19F NMR studies also suggested that HB(C6F5)3 was 
associated with the lanthanide center in toluene-d8 or benzene-d6 (see below). Interestingly, 
the IR spectra for 3a-d each contained only one band between 2100-2120 cm–1 for SiH 
stretching mode and one band between 2252-2263 cm-1 assigned to B-H stretching mode. 
The lower frequency SiH band observed in 1a-d and 2a-d was not detected in 3a-d.  
A single crystal X-ray diffraction study of 3d reveals neodymium coordinated by one 
C(SiHMe2)3, two HB(C6F5)3, and one toluene ligand (Figure 1). The 
tris(dimethylsilyl)methyl ligand bonds to Nd through the C1, and two secondary Si–H⇀Nd 
interactions are suggested by the conformation of the ligand and short Nd…Si interatomic 
distances. The Nd1–C1 distance of 2.514(9) Å in 3d is 0.11 Å shorter than that of the average 
Nd–C distance (2.639(5) Å) in 1d. The two Si–H⇀Nd agostic-like interactions were 
determined by the short Nd…Si interatomic distances, Nd1…Si1 (3.135(3) Å) and Nd1…Si2 
(3.102(3) Å), which are slightly shorter than the average Nd…Si distance of the six Si–H⇀Ln 
in neutral 1d (3.152 ± 0.01 Å, ranging from 3.1349(9) to 3.1727(8) Å). In addition, the 
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∠Nd1–C1–Si1 and ∠Nd1–C1–Si2 are 87.6(1) and 89.1(1)°, respectively, in 3d for bridging 
Si–H⇀Nd groups and are similar to those in 1d (average ∠Nd–C–Si, 88.2 ± 0.5°). Note that 
although these geometric parameters only indirectly suggest Si–H⇀Nd interactions, this 
approach is needed for the analysis because SiH were placed in calculated positions. 
However, similar parameters have been observed in crystal structures where bridging H are 
objectively located (subject to the uncertainties locating a H atom in the vicinity of a heavy 
element center by X-ray crystallography) and supported by NMR and IR spectroscopy. One 
of the HB(C6F5)3 is coordinated to Nd in a H,F,F-tridentate manner, while the second 
hydroborate binds via a bidentate H,F mode. The first HB(C6F5)3 coordinates with Nd1–F24 
and Nd1–F30 distances of 2.857(6) and 2.616(6) Å, respectively, while the second binds with 
the Nd1–F60 internuclear separation of 2.600(7) Å. Considering the effect of the lanthanide 
contraction (the ionic radius of Nd(III) is ~0.034 Å smaller than Ce(III)),26 these distances 
are effectively longer than Ce–F distances for 2b.22  
The distances between Nd1 and the aromatic carbons of the toluene ligand (C70 to 
C75) range between 2.954(1) and 3.026(1) Å (Nd-Cave = 2.90 Å) indicating hexahapto 
coordination. Only one toluene molecule is coordinated to Nd1. While additional toluene 
ligands do not displace the HB(C6F5)3 to generate solvent-separated ion pairs, one HB(C6F5)3 
coordinates in the bidentate mode noted above. A few classes of trivalent rare earth arene 
compounds have been reported,27,28 including tetrachloroaluminates first prepared by 
Cotton29,30 and later expanded to include a range of lanthanide and arene combinations, such 
as (η6-C6H6)Nd(AlCl4)3 (Nd-Cave = 2.90 Å).31 Arene compounds containing 
alkyltrichloroaluminates, such as (η6-C6H6)Nd(AlMeCl3)3 (Nd-Cave = 2.96 Å), are also 
effective precatalysts for butadiene polymerization (upon activation with diisobutylaluminum 
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hydride or dibutylmagnesium) that give comparable activities to the neodymium 
carboxylates.32 Crystallographically characterized rare earth compounds containing an alkyl 
and a coordinated arene are rare, and the cis-disposed toluene and alkyl ligands in compound 
3d provide likely models of coordination sites for monomers and the growing polymer chain. 
 
 
Figure 1. Thermal ellipsoid plot of NdC(SiHMe2)3{HB(C6F5)3}2·C6H5Me (3d·C6H5Me) at 
25% probability. The H atoms included in the image are bonded to either Si or B and were 
objectively located in the Fourier difference map. All other H atoms and non-bridging F 
atoms were omitted for clarity. Dotted lines highlight short Nd–H distances. 
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In this context, we note that the silyl groups in the -C(SiHMe2)3 ligand are oriented to create 
space for the toluene ligand. For comparison, a cationic scandium methyl compound, 
supported by a β-diketiminato ligand and a precatalyst for ethylene polymerization, 
coordinates bromobenzene via a hexahapto interaction in a site adjacent to the methyl 
ligand,33 while a few cationic group 4 and thorium organometallic arene compounds have 
been reported.34-37 Attempts to isolate 1,3-diene-coordinated analogues of 3d have not yet 
been successful, and for now, toluene is considered a surrogate for coordinated diene in the 
active catalyst. 
Neutral arene compounds of the type (η4-C6H5Me)Ln{N(C6F5)2}3 (Ln = Ce, Nd), also 
contain Ln←F, but in contrast, involve unsymmetrical coordination of toluene.38,39 For 
example, the Nd–C distances range from 2.98(2) to 3.17(1) Å for the bonding carbon, while 
the other two Nd–C distances are longer (3.31(1) and 3.32(1) Å).  
Attempts to make tris(hydridoborate)-lanthanide species via the addition of a third 
equiv. of B(C6F5)3 to 1a-d yield 3a-d and one equiv. of unreacted B(C6F5)3. Thus, the 
remaining alkyl is inert toward b-SiH abstraction and displacement by this strong Lewis acid. 
Butadiene Polymerization. Compounds 2a-d and 3a-d, generated from in situ 
reactions of 1a-d and 1 or 2 equiv. of B(C6F5)3, respectively, form precatalysts for the 
polymerization of butadiene upon addition of triisobutylaluminum (eq. 3, Table 3). Mixtures 
of neutral 1a-d and butadiene (20 psi) heated at 60 °C for 15 min., with or without AliBu3, do 
not yield polybutadiene. Reactions of 2a-d or 3a-d and butadiene under conditions without 
AliBu3 also do not afford isolable polybutadiene. This behavior is similar to that of other 
cationic or dicationic organometallic precatalysts such as [Ln(η3-C3H5)2THF3][B(C6F5)4] (Ln 
= Y, La, Nd).11 The species, 3d, shows an activity (defined here as the mass of isolated 
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polybutadiene per mol Nd per hour) of 2.1 × 105 g polybutadiene·(mol Nd·h)–1, in a similar 
range as the industrial Ziegler-type neodymium versatate (NdV3) precatalyst (ca. 2 – 3 × 105 
g polybutadiene·(mol Nd·h)–1. Compound 3d is less active than monomeric versatic acid 
adduct NdV3·HV.4  
 
Table 3. Polymerization of 1,3-Butadiene[a] 
Entry Complex Yield[b] Activity[c] Microstructure[d] Mn Mw[e][f] Mw/Mn[f] 
1 2a 0.81 1220[g] 67.9/27.9/4.2 114.5 201.5 1.76 
2 2b 0.63 1920 50.0/47.1/2.9 41.5 68.1 1.64 
3 2c 0.99 1500[g] 47.2/50.0/2.8 28.1 44.7 1.59 
4 2d 0.99 2990 47.7/49.3/3.0 81.5 123.0 1.51 
5 3a 0.59 900[g] 65.2/30.7/4.1 68.5 108.2 1.58 
6 3b 0.95 2880 60.7/36.0/3.3 66.2 126.4 1.91 
7 3c 1.01 1540[g] 52.3/44.1/3.6 93.5 180.5 1.93 
8 3d 1.16 3520 61.0/35.9/3.1 142.1 268.6 1.89 
[a] Conditions: 0.022 mmol 1a-d and 1 or 2 equiv. of B(C6F5)3, 0.22 mmol AliBu3, 12 mL 
toluene, 20 psi butadiene (maintained by addition of gas every 3 min.), 60 °C, 15 min. [b] 
Isolated polymer (in g). [c] (g polybutadiene)·(mole Ln)–1·min–1. [d] 1,4-cis:1,4-trans:1,2-
vinyl ratio, determined by IR analysis. [e] × 103 g·mol–1. [f] Determined by GPC vs PS 
standards. [g] 30 min. 
A few general observations come from the data in Table 3. First, the trend in activity 
is Nd > Ce >> Pr > La for both 2a-d and 3a-d series of catalysts. The significantly higher 
activity of Nd and Ce catalysts compared to La and Pr species is reflected in doubled reaction 
times (15 vs 30 min.) needed to acquire similar quantities of polybutadiene product. The 
lower activity of the praseodymium-based catalysts contrasts its typical higher performance 
than cerium in Ziegler-type systems.40 Overall, variation of the lanthanide affects the 
m n o
Ln{C(SiHMe2)3}3 + a B(C6F5)3 + 10 AliBu3
60 °C, toluene, 15 or 30 min.20 psi
Ln = La, Ce, Pr, or Nd
a = 1 or 2 equiv.
(3)
1,4-cis 1,4-trans 1,2-vinyl
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catalytic performance (in terms of activity) more than switching between dialkyl or 
monoalkyl precatalyst for a particular lanthanide ion; however, GPC data clearly indicate that 
precatalysts 2 and 3 provide distinct active species (see below). For the less active 
lanthanum- and praseodymium-based catalysts, the activities of monocationic species are 
similar or higher to that of the dicationic analogue 3a or 3c. The cerium and neodymium-
based dicationic catalysts 3b-d, in contrast, are significantly more active under these 
conditions than their corresponding monocationic 2b-d species. For comparison, cationic 
diallyl lanthanum and neodymium compounds [Ln(η3-C3H5)2THF3][B(C6F5)4] are only 
slightly less active than the dicationic species formed by addition of [HNPhMe2][B(C6F5)4].11 
Alternatively, the catalyst Nd(AlMe4)3 and one equiv. of [HNPhMe2][B(C6F5)4] doubles the 
yield of polyisoprene compared with the catalyst generated with two equiv. of anilinium 
perfluorophenylborate.13 
These polymerizations were performed with approximately constant pressure and 
concentration of butadiene to maintain steady-state conditions in order to standardize 
comparisons between the metal centers and dialkyl and monoalkyl species, mitigate side 
reactions favored at lower butadiene concentrations in more active catalysts, and mimic large 
excesses of butadiene at the early stages in commercial polymerizations. In addition, 
butadiene is added as a gas to the pre-heated catalyst mixture so that initiation will be fast. A 
downside of this approach is that conversion of monomer, as well as the ratio of 
monomer/catalyst, cannot be determined, thus preventing estimation of number of chains per 
lanthanide site.41 Under these conditions, high activity and high Mn together suggest a larger 
number of fast growing chains (e.g., catalyst 3d), whereas low activity and high Mn suggest 
fewer reactive sites and/or slow chain transfer or termination relative to propagation (e.g., 
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catalyst 2a). Both cerium catalysts 2b and 3b provide relatively low Mn and high activity, 
which is consistent with fast insertions and fast chain transfer. Thus, rates (and possibly 
mechanisms) and relative rates of initiation, propagation, and termination vary between 
catalysts 2a-d and 3a-d. 
 
 
Figure 2. Refractive Index (RI) GPC traces (0.8 mL/min. in THF), corresponding to data in 
Table 3, showing different performance of dialkyl species 2 and monoalkyl species 3. 
Dialkyl lanthanides Ln{C(SiHMe2)3}2HB(C6F5)3 (2, Table 3 entries 1-4) are shown as 
dashed lines. Monoalkyl lanthanides LnC(SiHMe2)3{HB(C6F5)3}2 (3, Table 3 entries 5-8) are 
shown as solid lines. Note that polymerizations with Nd and Ce were 15 min, while Pr and 
La catalysts were 30 mins. 
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The GPC data (Figure 2) reveal monomodal distributions with good molecular weight 
dispersity (Ð or Mw/Mn) ranging from 1.5 to 2 for all dialkyl and monoalkyl lanthanide 
precatalysts, and all the polymers produced under these conditions were soluble (no gel 
formation). The lowest dispersity (1.51) is obtained under these conditions with dialkyl 
neodymium 2d, which also reacts with reasonably high activity; thus, extended reaction 
times might produce higher molecular weight polybutadiene with low Ð. Higher molecular 
weight polymer is obtained from 3d, accompanied by higher Ð. 
Although there are no overall trends relating the catalyst’s activity, polymer 
microstructure, molecular weight, and dispersity, we noticed a few features of the 
polymerizations. First, the more active species for each lanthanide (either monoalkyl or 
dialkyl) provides polybutadiene with slightly higher dispersity and slightly improved 1,4-cis 
selectivity. In general, 1,4-based insertions dominate the microstructure, and lower 1,4-cis 
stereochemistry accompanies higher 1,4-trans content. The (low) vinyl content is similar for 
polybutadiene produced in reactions catalyzed by 2b-d and 3b-d (~3%), whereas lanthanum-
based 2a and 3a react with slightly higher amount of 1,2-insertion (4%). Both 2a and 3a also 
afford polybutadiene with the highest 1,4-cis content, praseodymium-based 2c and 3c both 
give polymer with a low percentage of 1,4-cis groups, while the monoalkyl cerium 3b and 
neodymium 3d catalysts give ca. 10% higher 1,4-cis selectivity than their dialkyl analogues. 
Of the series of dialkyl and monoalkyl early lanthanides in combination with 10 
equiv. of AliBu3, the neodymium monoalkyl 3d provides the most active catalyst for 
polymerization of butadiene. Further experiments probe the reactivity of 3d, using lower 
concentrations of catalyst to give better reproducibility and less gel formation at longer 
reaction times. We attribute gel formation to ultra-high molecular weight polybutadiene. This 
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assignment is based in part on the appearance of gels at later stages of the polymerization and 
on similarity of solid-state 13C NMR spectra under magic angle spinning (MAS) of the 
insoluble gels and soluble (but precipitated) polybutadiene rubbers obtained from 3d-
catalyzed polymerizations (see Figure 3 for solid-state 13C NMR spectra). In this context, we 
note that the rates of likely steps involved in these polymerizations (insertion, isomerization, 
chain transfer) change as a function of reactant concentrations to affect activity, molecular 
weight and dispersity of the polymer product, and microstructure. Thus, direct comparisons 
of reaction outcomes are most meaningful between experiments with nearly identical 
polymerization conditions.  
First, a series of polymerization experiments quenched at 5, 10, 15, 20, and 30 min. 
show that the molecular weight (Mn) increases in a nearly linear fashion over this time period 
(Table 4, Figure 4). Although the rate (activity) is lower under these diluted conditions with 
10 equiv. of AliBu3, the dispersity is close to 1. Mw/Mn, however, is below 1.5 only during the 
first 20 min., and insoluble materials (gels) are formed at reaction times >30 mins. Even 
though the pressure of butadiene is kept constant in these experiments, its effective 
concentration at the active neodymium site likely decreases at longer reaction times due to 
the long chains and viscous reaction media. The change in reaction media likely affect 
activity, polymer microstructure, and apparent molecular weight.  
Polymerization experiments with increased AliBu3 concentration result in decreased 
molecular weights of the polybutadiene product (Table 5, Figure 6), which is consistent with 
transfer of active chains from neodymium to aluminum, which serves as a chain transfer 
agent (CTA). In Ziegler-type systems (NdV3/AliBu3/Et3Al2Cl3), increasing AliBu3 reduces 
the polybutadiene molecular weight and the dispersity.42 
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Figure 3. MAS 13C{1H} solid-state NMR spectra of polybutadiene gel and the soluble 
polymer fraction extracted from THF. The top two spectra show the entire spectral width, 
while the bottom two spectra are expanded to show the region 15 – 80 ppm. Polybutadiene 
samples are synthesized by polymerization of butadiene using the catalyst 3d with 10 equiv. 
of AliBu3 at 60 °C for 45 minutes. The gel was separated from the soluble portion of the 
sample by extracting with THF (5×) until extracts no longer contained polybutadiene. THF 
extracts were evaporated to dryness under vacuum at 40 °C for 12 h. The MAS frequency 
was 8 kHz. See experimental section above for details.   
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Table 4. Polymerization of 1,3-Butadiene by NdC(SiHMe2)3{HB(C6F5)3}2 (3d)[a] 
Time (min.) Yield[b] Activity[c] Microstructure[d] Mn[e],[f] Mw[e],[f] Mw/Mn[f] 
5 0.155 2816 62/37/1 18.3 21.1 1.15 
10 0.224 2034 49/50/1 61.2 69.1 1.13 
15 0.233 1411 50/49/1 83.1 115 1.38 
20 0.380 1725 58/41/1 120.2 135 1.12 
30 0.637 1930 75/24/1 192.1 402 2.09 
[a] Conditions: 0.011 mmol 1d; 0.022 mmol B(C6F5)3, 0.11 mmol AliBu3, 12 mL toluene, 
15-20 psi butadiene (maintained by addition of gas every 3 min.), 60 °C. [b] Isolated polymer 
(in g). [c] (g polybutadiene)·(mole Ln)–1·min–1. [d] 1,4-cis:1,4-trans:1,2-vinyl ratio, 
determined by IR analysis. [e] × 103 g·mol–1. [f] Determined by GPC vs PS standards. 
 
 
Figure 4. Plot of number averaged molecular weight (Mn) and dispersity (Mw/Mn) versus 
time for 3d-catalyzed butadiene polymerizations (10 equiv. of AliBu3). 
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Figure 5. RI GPC traces (0.8 mL/min. in THF), corresponding to data presented in Table 4, 
showing time evolution of polybutadiene molecular weight and molecular weight distribution 
from 5 to 30 mins. 5 min. (black), 10 min. (green), 20 min. (red), and 30 min. (blue). 
 
Reversible exchange of chains between neodymium and aluminum, more generally 
known as coordinative chain transfer polymerization (CCTP),43 is proposed to account for 
these trends.8,42 However, Landis and co-workers have pointed out that a hafnium-catalyzed 
α-olefin polymerization system, which includes a similar molecular weight regulation as in 
the Ziegler-type butadiene polymerization, is also effectively described by an irreversible 
chain transfer model (see below).44,45 In the present polybutadiene system, low Ð and a linear 
relationship between conversion and Mn is more consistent with reversible chain transfer; 
however, the higher Ð and gel formation at longer reaction times cannot rule out slower 
polymeryl transfer from active neodymium to dormant aluminum species with longer chains. 
 
84 
Table 5. Effect of AliBu3 co-catalyst concentration on 3d-catalyzed butadiene 
polymerization.[a] 
Entry [Al]/[Nd] Yield[b] Activity[c] Microstructure[d] Mn[e],[f] Mw[e],[f] Mw/Mn[f] 
1 5 0.020 104 16/79/5 <1.0[g] <1.0[g] - 
2 10 0.233 1411 50/49/1 82.2 115 1.38 
3 20 0.530 3212 56/42/2 31.2 89.4 2.86 
4 50 0.527 3195 60/38/2 12.8 27.6 2.16 
5 100 0.534 3236 55/42/3 5.74 9.57 1.67 
[a] Conditions: 0.011 mmol 1d, 0.022 mmol B(C6F5)3, n equiv. AliBu3, 12 mL toluene, 15-20 
psi butadiene (maintained by addition of gas every 3 min), 60 °C, 15 min. [b] Isolated 
polymer (in g). [c] (g polybutadiene)·(mol Nd)–1·min–1. [d] 1,4-cis:1,4-trans:1,2-vinyl ratio, 
determined by IR analysis. [e] × 103 g·mol–1. [f] Determined by GPC vs PS standards. [g] 
Oligomer formation with Mw below detection limit. 
 
In addition, the dispersity decreases as the concentration of AliBu3 increases (once 
full activity is achieved at [AliBu3]/[3d] = 20). We postulate that the variation of activity and 
Ð with changing [AliBu3] reflects competition between rates of insertion and chain transfer. 
In the experiment with 10 equiv. of AliBu3 (Table 5, entry 2), per site insertion is much faster 
than chain transfer to give long chains and low Ð. The low concentration of AliBu3 here and 
in entry 1 does not give maximum activity of 3d (with this lower 3d concentration, see 
below). With the higher concentration of AliBu3 in entry 3, the Ð increases. We attribute this 
to the rate exchange of isobutyl for polybutadienyl bonded to neodymium competing with 
insertion, resulting in a broader molecular weight distribution. Alternatively, the rates of 
transfer of polymerylaluminum to active neodymium sites (i.e., back transfer) may compete 
with isobutylaluminum transfer to neodymium (i.e., chain transfer) at certain concentrations 
of polymeryl-AlX2 and AliBu3, and this would also lead to broader Ð. The Ð decreases in 
experiments with even higher concentration of alkylaluminum species, which is consistent 
with either (or both) of these mechanistic models.  
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In these experiments, the 1,4-cis-content of the polybutadiene microstructure varies 
from ca. 40% to 75%, whereas Ziegler-type carboxylate catalysts give greater than 90% 
selectivity in the presence of a chloride source, such as iBu2AlCl or Al2Et3Cl3,8 or using the 
NdCl3 precatalyst.40 Unfortunately, 3d is not an active catalyst for butadiene polymerization 
with 10 or 50 equiv. of iBu2AlCl, or with a 9:1 mixture of AliBu3:iBu2AlCl, and this 
chloride-addition approach is not effective for accessing polybutadiene with high 1,4-cis 
content with 3d. Combination of 3d and iBu2AlH (50 equiv.) affords only oligomers after 15 
mins. Butadiene polymerizations using 3d and methylaluminoxine (MAO) provide slightly 
higher cis content (80%), but the activity (~1100 g PBD·(mol 3d)–1·min–1) is on the low side 
and the dispersity is high (3.28).  
Instead, we noted that toluene is coordinated in the solid-state structure of 3d (see 
above). Thus, toluene as the reaction solvent also provides a ligand for the neodymium center 
that may compete with butadiene and the polymeryl chain to affect activity, stereoselectivity, 
and molecular weight. An aromatic solvent-free polymerization might alter these outcomes. 
The reactions of 1d and 2 equiv. of B(C6F5)3 in cyclohexane or heptane generate a pale green 
suspension, which dissolves upon addition of AliBu3 to form a homogeneous, teal solution 
that is active for butadiene polymerization. These polymerization experiments were 
performed at higher catalyst concentrations to minimize the effects of [AliBu3] on the 
polymerization activity. Interestingly, the microstructure of the polymer changes from near 
50:50 mixture of 1,4-cis:1,4-trans units in reactions performed in toluene or cyclohexane to 
90% 1,4-cis units in polymerizations performed in heptane (Table 6, Figures 8 & 9). These 
results are remarkable, in that >90% 1,4-cis content is obtained for a neodymium catalyst 
without a chloride-cocatalyst. For comparison, catalysts derived from Nd{N(SiMe3)2}3 and 
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one equiv. of [HNMe2Ph][B(C6F5)4], [Ph3C][B(C6F5)4], B(C6F5)3, or MAO provide 10-15% 
higher 1,4-cis content (up to 87%) in heptane than in toluene,7 although the activity also 
changed in those systems. 
 
 
Figure 6. Butadiene polymerization by 1d + 2 B(C6F5)3 with varying equivalents of AliBu3 
for entries 3 and 6-9 in Table 3. 
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Figure 7. RI GPC traces (0.8 mL/min. in THF) showing the effect of [AliBu3] on 
polybutadiene molecular weight and molecular weight distribution, corresponding to data 
given in Table 5. 10 equiv. AliBu3 (black), 20 equiv. AliBu3 (green), 50 equiv. AliBu3 (red), 
and 100 equiv. AliBu3 (blue). 
 
 
 
Table 6. Solvent effects in 3d-catalyzed butadiene polymerization[a] 
Entry Solvent Yield[b] Activity[c] Microstructure[d] Mn[e],[f] Mw[e],[f] Ð[f] 
1 Toluene 1.32 3150 48/50/2 66 104 1.57 
2 Cyclohexane 1.15 2730 60/35/5 50.1 79.5 1.59 
3 Heptane 1.40 3330 91/6/3 54.1 80.0 1.48 
[a] Conditions: 0.028 mmol 1d, 0.056 mmol B(C6F5)3, 0.28 mmol AliBu3, 20 mL solvent, 
15-20 psi butadiene (maintained by addition of gas every 3 min), 60 °C, 15 min. [b] Isolated 
polymer (in g). [c] (g polybutadiene)·(mol Nd)–1·min–1. [d] 1,4-cis:1,4-trans:1,2-vinyl ratio, 
determined by IR analysis. [e] × 103 g·mol–1. [f] Determined by GPC vs PS standards. 
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Figure 8. FT-IR spectra for polybutadiene samples used to characterize its microstructure 
(1,4-cis/1,4-trans/1,2-vinyl) composition given for data summarized in Table 6. 
Polybutadiene obtained from reactions in heptane (red), toluene (blue), and cyclohexane 
(black) are normalized to hydrocarbon intensities at 2800 cm-1. Peak assignments: 1,4-trans 
(966 cm–1), 1,2-vinyl (910 cm–1), and 1,4-cis (738 cm–1) are labeled on the spectra. 
 
 
Figure 9. FT-IR spectra of polybutadiene samples, expanded from 600-1100 cm–1, for results 
provided in Table 6 for reactions performed in heptane (red), toluene (blue), and cyclohexane 
(black) normalized to 1,4-cis intensities at 738 cm–1.  
1100 1000 900 800 700 600
Wavenumber cm-1
Heptane
Toluene
Cyclohexane
1,4-cis1,2-vinyl1,4-trans
Solvent
Heptane
Cyclohexane
Toluene
Microstructure
1,4-trans 1,2-vinyl 1,4-cis
6% 3% 91%
35% 5% 60%
50% 2% 48%
89 
 
 
Organolanthanide and alkylaluminum exchange reactions. The butadiene 
polymerization catalysis above features an inverse relationship between molecular weight 
and equivalents of AliBu3, which is attributed to chain transfer from active lanthanide centers 
to dormant aluminum centers concurrent with iBu transfer to the active site to initiate a new 
chain. The polymerization is also characterized by a linear increase in molecular weight in 
proportion to reaction time while the dispersity remains consistently low (below 2). As noted 
above, these two contradictory observations may be rationalized by re-activation of 
aluminum-bonded chains by their transfer back to active neodymium sites. The use of 
C(SiHMe2)3 as an initiating group, which is distinct from the isobutyl (or other organo 
groups) on aluminum, could be useful for studying alkyl group exchange, tracking initiating 
lanthanide sites, and investigating chain transfer between active and dormant sites, as well as 
potentially providing a strategy for end group functionalization. In addition, the strong Lewis 
acid B(C6F5)3 reacts with 1a-d or 2a-d, and we were curious about the interactions of these 
organolanthanides with weaker organoaluminum Lewis acids, such as AlMe3 and AliBu3. 
First, the reaction of 1a and 2 equiv. of AlMe3 in toluene-d8 results in the complete 
disappearance of 1H and 29Si NMR signals attributed to 1a (1JSiH = 136 Hz, 298 K). Two new 
intense peaks appear at 4.21 (1JSiH = 168 Hz) and 4.59 ppm (1JSiH = 135 Hz) in a 2:1 
integrated ratio, that we assign to SiH groups. Note that the 1H NMR chemical shifts of 1a 
overlap with the signal at 4.21 ppm, however these species are clearly distinguished by a 1H-
29Si HSQC experiment that shows unique 1JSiH and 29Si NMR chemical shift values for the 
adduct with AlMe3 (Figures 10 & 11). On the basis of the similarity between signal ratio and 
reactant ratio, as well as the higher 1JSiH at 4.21 ppm, we suggest that interaction of a 
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C(SiHMe2)3 group and AlMe3 results in the disruption of Ln↼H-Si bonding in that ligand. A 
plausible structure might involve bridging Ln-Me-Al and Al-H-Si interactions. These 
interactions are further characterized by their 1JSiH values. Compound 1a gives average 1JSiH 
= 136 Hz, while bridging (2 H, 1JSiH = 114 Hz) and terminal SiH (1 H, 186 Hz) signals are 
resolved at 180 K.20 The weighted average of the low temperature values matches the 1JSiH of 
1a measured at room temperature (fast exchange); therefore, averaging of these values can be 
used to estimate the number of bridging SiH groups in a C(SiHMe2)3 ligand. In 1a·2AlMe3 in 
particular, the 1JSiH of 168 Hz corresponds to weighted average of 1 bridging and 2 terminal 
SiH groups, while the 135 Hz coupling constant corresponds to 2 bridging and 1 terminal 
SiH groups. We assign the former signals to ligands containg Al-H-Si interactions, whereas 
the latter are assigned to La-C(SiHMe2)3 containing two La↼H-Si (Figure 10). 
 
Figure 10. 1H-29Si HSQC of the reaction of 1a and 2 equiv. of AlMe3, measured at 273 K in 
toluene-d8. The 1D 1H NMR spectrum is overlaid above the 2D spectrum. The HSQC 
spectrum was acquired without 29Si decoupling during acquisition to observe 1JSiH splittings. 
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Figure 11. 1H-29Si HSQC without 29Si decoupling of La{C(SiHMe2)3}3 + 2 AlMe3 in 
toluene-d8 at 273 K highlighting minor Si-H peaks and 1JSiH coupling constants. 
 
 
These interactions are likely labile, given that evaporation of the reaction mixture returns 
AlMe3-free 1a. Further support for labile 1a-AlMe3 interactions is provided by a 1H-1H 
ROESY NMR experiment, in which small quantities of free AlMe3 show exchange 
crosspeaks to the complexed AlMe3 signals (Figure 12). In addition, ROESY crosspeaks 
indicate short through-space distances between complexed AlMe3 and all SiMe2 groups, 
suggesting that AlMe3 is intimately associated with the lanthanum center to be in close 
proximity to all C(SiHMe2)3 ligands. Finally, a number of weaker crosspeaks in the 1H-29Si 
HSQC spectrum, with a range of 1JSiH values of 135, 165, 135 and 182 Hz, suggest that a few 
1a·(AlMe3)n adducts of varying stoichiometry are also present.  
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Figure 12. 1H-1H ROESY NMR of La{C(SiHMe2)3}3 + 2 AlMe3 in toluene-d8 at 273 K 
highlighting spatial proximities between AlMe and SiMe/SiH groups (negative crosspeaks in 
blue). Exchange crosspeaks between free and complexed AlMe3 appear in black (positive). 
 
Multiple signals assigned to methylaluminum, methylsilyl, and hydridosilyl groups 
change in relative intensity as the amount of AlMe3 is increased above 3 equivalents (Figure 
13). Mixtures of 1a and 5 equiv. of AlMe3 persist at room temperature for 48 h or at 60 °C for 
2 h; however, attempts to isolate adducts by crystallization were unsuccessful. The 1H NMR 
spectrum contains a strong signal at 4.15 ppm (1JSiH = 164 Hz), corresponding to an average 
of one Al↼H-Si interaction per C(SiHMe2)3 ligand. Free AlMe3 is observed, and the 
stoichiometry and integrated ratio of SiH and complexed AlMe3 suggest that the maximum 
ratio of 1a:AlMe3 is 1:3. The 1H-1H ROESY spectrum again indicates that free and 
complexed AlMe3 are in exchange (Figure 15).  
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Figure 13. 1H-29Si HSQC without 29Si decoupling of 1a + 5 AlMe3 in toluene-d8 at 273 K. 
 
 
Figure 14. 1H-29Si HSQC without 29Si decoupling of 1a + 5 AlMe3 in toluene-d8 at 273 K 
highlighting minor Si-H peaks and 1JSiH coupling constants. 
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Figure 15. 1H-1H ROESY NMR of 1a + 5 AlMe3 in toluene-d8 at 273 K highlighting spatial 
proximities between AlMe and SiMe/SiH groups (negative crosspeaks in blue). Exchange 
crosspeaks between free and complexed AlMe3 appear in black (positive). 
 
 
 
In these experiments with 1a and AlMe3, the C(SiHMe2)3 groups appear to remain 
bonded to the lanthanide center, based on 1H NMR spectra of mixtures of paramagnetic 1d 
and (AlMe3)2, in which signals for SiHMe2 were paramagnetically shifted and not detected in 
the diamagnetic region. In contrast to the reactions of 1 and B(C6F5)3, disilacyclobutane was 
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not detected in the 1H NMR spectra of any of the reactions. Also, unlike the selective, 
irreversible reactions with the borane Lewis acid, the AlMe3 reactions are reversible and give 
exchanging species. Both B(C6F5)3 and AlMe3 Lewis acids interact with 1 via the SiH 
groups. 
Next, reactions of monoalkyl species 3 and excess (AlMe3)2 (10 equiv.) result in alkyl 
group transfer from the lanthanide to aluminum, as evidenced by similar diamagnetic signals 
associated with SiH (4.44 ppm) and SiMe (0.25 ppm) groups in spectra for reactions of 
diamagnetic 3a and paramagnetic 3d. A B(C6F5)3-derived borate is likely coordinated to the 
lanthanide, as evidenced by a 11B NMR signal at –17.4 ppm in the reaction of 3a and AlMe3 
that is absent in the corresponding reaction of paramagnetic 3d. A small, yet sharp 11B NMR 
peak was observed at 86 ppm in the reactions of both 3a and 3b with AlMe3, likely 
associated with some B–C6F5/Al–Me exchange to give non-coordinated BMe3.46 The 19F 
NMR spectra of 3a or 3d and (AlMe3)2 also contained common signals at –122.1, –153 
(para), and –162 ppm (meta) from C6F5 groups. The downfield signal is from a group likely 
bonded to aluminum, whereas the upfield signals are assigned to Ln{HB(C6F5)3} moieties. 
An additional signal at –130 ppm was only present in the reaction mixture of 3a and AlMe3, 
and supported the idea that perfluorophenylborate group(s) remained associated with the 
lanthanide center under polymerization conditions of toluene and excess AlR3. In fact, 
mixtures of 3 and AliBu3 also provide 1H, 11B, and 19F spectra that lead to the same 
conclusions. 
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Figure 16. NMR spectra of Ln{C(SiHMe2)3}3 + 2 B(C6F5)3 + xs. AlMe3 in benzene-d6. Ln = 
La (left) and Nd (right). From top to bottom are 1H, 11B, and 19F NMR. 
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The possibility of C(SiHMe2)3 being incorporated as a polybutadiene endgroup would 
rely on faster insertion of butadiene than transfer to aluminum, and this was tested by 
quenching a polymerization after a short reaction time to generate oligomeric species. 
Promisingly, signals of SiHMe2 moieties were observed in the resulting crude material, and 
the chemical shifts were not consistent with formation of HC(SiHMe2)3 (from protonolysis of 
Nd-C(SiHMe2)3 or Al-C(SiHMe2)3 during the quench). However, these SiMe signals are 
removed by washing the oligomeric solid product with methanol, and C(SiHMe2)3 groups are 
not likely to be end groups of the bulk polybutadiene. Thus, the rare earth species obtained 
from the combination of 3 and AlMe3 contain HB(C6F5)3 and likely methyl groups, perhaps 
as tetramethylaluminates. 
 
Figure 17. Left: 1H NMR of PBD oligomers made by a high loading of 1d + 2 
B(C6F5)3 + 10 AliBu3 and 15 psi butadiene for 15 min. Isolated PBD material (bottom), 
washed once with MeOH (middle), washed 10 times with MeOH (top). Right: 29Si{1H} 
NMR of isolated PBD material (region indicated by shading in 1H NMR) before washing 
showing crosspeaks to three different SiMe signals. 
 
Conclusion 
The tris(alkyl) Ln{C(SiHMe2)3}3 (Ln = La, Ce, Pr, and Nd) react with 1 or 2 equiv. of 
the strong Lewis acid B(C6F5)3 to afford isolable and well-defined zwitterionic hydridoborate 
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di(alkyl) or mono(alkyl) complexes, respectively. In contrast, the reactions of 
Ln{C(SiHMe2)3}3 with weaker Lewis acids AlMe3 result in adduct formation. A third, 
distinct reactivity pattern is observed in interactions of alkylaluminum compounds with the 
zwitterionic lanthanide precatalysts for butadiene polymerization, which involves the rapid 
transfer of alkyl groups from the lanthanide center, presumably to form 
tris(dimethylsilyl)methylaluminum species. In addition, organoboranes are formed in these 
reaction mixtures. Possible reactions that balance the change in charge that accompanies the 
conversion of anionic [HB(C6F5)3]– to neutral BR3 species could involve formation of 
aluminate counterions or transfer of an anionic group to the lanthanide center to reduce its 
formal charge. Unfortunately, these reaction mixtures are sufficiently complex that those 
steps cannot be conclusively identified, and we are currently exploring alternative 
counterions that could reduce the complexity of these exchange reactions. Regardless, it is 
noteworthy that the zwitterionic compounds that undergo facile R-group exchange with 
trialkylaluminums are also those which provide catalytically active species. The features are 
either similar for organolanthanides that catalyze butadiene polymerization and those that 
undergo alkyl group exchange with organoaluminums, or alkyl group exchange of 
tris(dimethylsilyl)methyl groups is an essential requirement for polymerization activity. In 
this context, we note that diene polymerization activity requires trialkylaluminum cocatalysts 
for cationic allyl lanthanides11 and chloroaluminum cocatalysts for lanthanide 
tetraalkylaluminates.12 
Any of the eight compounds of the series, combined with triisobutylaluminum, 
provide active butadiene polymerization catalysts. Some of the general features of the 
polymerization parallel those observed with Ziegler-type lanthanide halide, alkoxide, and 
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carboxylate precatalysts, such as the higher activity of neodymium-derived catalysts 
compared to the other organolanthanide catalysts studied under equivalent conditions. Under 
a single set of equivalent conditions with constant butadiene pressure, the complexes follow 
the trend Nd > Ce >> Pr > La with the mono(alkyl) species being more reactive than the 
corresponding bis(alkyl) in all cases except for La. The outcomes used to evaluate the 
polymerization efficacy, including activity (polymer yield per catalyst per unit time) and 
molecular weight vary considerably over the series for a single set of polymerization 
conditions.  
Detailed studies of butadiene polymerization with NdC(SiHMe2)3{HB(C6F5)3}2 (3d) 
show that these polymerization outcomes also vary considerably depending on catalyst 
concentration, ratio of neodymium to triisobutylaluminum, reaction time, and solvent. 
Alternatively, the apparent activity of neodymium sites varies with the concentration of 3d 
and concentration of AliBu3, with lower concentrations (at 1:10 molar ratios) giving lower 
activity per site while higher concentrations give higher activity. Independent experiments in 
which [AliBu3] is varied while [3d] is held constant show that this activity trend tracks with 
aluminum concentration until the maximum activity is obtained. This concentration effect is 
unlikely to be related to the catalyst activation step involving [Nd]–C(SiHMe2)3/AliBu3 
exchange because even 5 equiv. of AliBu3 appears to give effective transfer of the 
C(SiHMe2)3 group from neodymium, even though that quantity of co-catalyst does not 
achieve maximum activity. Likely, AliBu3 is required for a number of functions during the 
polymerization process that affect the activity of the polymerization site.  
A summary of observations associated with the polymerization mechanism follow. 
First, Mn increases linearly with time (at constant butadiene concentration), and Mw/Mn ~ 
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1.15 over this time. These two observations are characteristics associated with living 
polymerizations. In contrast, Mn decreases as [AliBu3] increases. At longer times, Mw and 
Mw/Mn increase, indicating that some chains are growing faster than others (which are likely 
not growing at all).  These two observations are inconsistent with living polymerization 
character. Our interpretation of this data is that chain transfer between Nd and Al is reversible 
until a point where the polymeryl chains are too long. At that point, the aluminum chains 
cannot exchange with Nd to grow. Once the polymer chains on Nd and on Al become 
sufficiently long or AliBu3 is entirely consumed, the exchange process(es) are slowed, and 
the chains bonded to neodymium grow (leading to gelation) while the length of the chains 
bonded to aluminum do not further increase.  
Moreover, many of the polymerization outcomes are dependent on competing rates of 
insertion and chain transfer steps, which may also vary considerably based on the lanthanide 
ion, the number of alkyl groups bonded to the active center and its formal charge, and the 
composition and concentration of the alkylaluminum cocatalyst(s). Thus, the optimal 
conditions for bis(alkyl) lanthanum for example, are unlikely to be equivalent even to those 
of other similarly structured alkyllanthanides. Although the typical comparison of catalysts 
under identical conditions appears to be the most straightforward means of identifying the 
“best” catalyst, this approach may in fact limit catalyst discovery. In this context, decoupling 
precatalyst generation (i.e., construction of Ln–C bonds) and formation of cationic or 
zwitterionic species from catalyst initiation, diene insertion for chain propagation, and chain 
transfer steps is a valuable strategy for characterizing intrinsic catalytic properties in these 
complex sites.  
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Experimental 
General Procedures. All reactions were performed under a dry argon or nitrogen 
atmosphere using standard Schlenk techniques or under nitrogen atmosphere in a glovebox, 
unless indicated. Dry, oxygen-free solvents were used throughout. Benzene, toluene, pentane, 
and tetrahydrofuran were degassed by sparging with nitrogen, filtered through activated 
alumina columns, and stored under nitrogen. Heptane and cyclohexane were stirred with 
H2SO4, washed with aqueous Na2CO3, distilled from CaH2 under nitrogen, and stored in a 
nitrogen-filled glovebox. Benzene-d6 and toluene-d8 were heated at reflux over Na/K alloy, 
vacuum-transferred, and stored over 4 Å molecular sieves in a nitrogen-filled glovebox. 
Ln{C(SiHMe2)3}3 (Ln = La, Ce, Pr, Nd),20 Ce{C(SiHMe2)3}2HB(C6F5)3,22 and B(C6F5)3 were 
prepared following literature procedure.47 AliBu3, iBu2AlH, iBu2AlCl, MAO, and butadiene 
were all purchased from Sigma-Aldrich and used as received. Butadiene is a flammable toxic 
gas and should be used in a well-ventilated fume hood, and alkylaluminum reagents are 
pyrophoric and should be handled with caution. 
1H, 11B, 13C{1H}, 19F NMR spectra were collected on Bruker DRX-400 and Bruker 
Avance III 600 spectrometers. 29Si NMR chemical shifts were determined by 1H-29Si HMBC 
experiments on a Bruker Avance III 600 NMR spectrometer. Solid-state NMR experiments 
were performed on the polybutadiene samples on a 9.4 T Avance III HD NMR spectrometer 
with a Bruker 4.0 mm HX MAS probe. Infrared spectra were recorded on a Bruker Vertex 80 
spectrometer. GPC analysis was conducted using a Viscotek GPCmax VE 2001 at 0.8 
mL/min. in tetrahydrofuran and referenced to polystyrene standards. Elemental analyses were 
performed using a PerkinElmer 2400 Series II CHN/S analyzer at the Iowa State Chemical 
Instrumentation Facility. 
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La{C(SiHMe2)3}2HB(C6F5)3 (2a) as a representative example of 
Ln{C(SiHMe2)3}2HB(C6F5)3 (2). La{C(SiHMe2)3}3 (0.095 g, 0.134 mmol) was dissolved in 
benzene (4 mL). In a separate vessel, B(C6F5)3 (0.068 g, 0.134 mmol) was dissolved in 
benzene (1.5 mL), and this solution was added in a dropwise fashion to the 
La{C(SiHMe2)3}3. The reaction mixture was stirred for 30 min., and then the volatiles 
materials were removed under reduced pressure to give a yellow semi-solid. This residue was 
washed with pentane (3 × 5 mL) and then dried in vacuo to yield 
La{C(SiHMe2)3}2HB(C6F5)3 (0.115 g, 0.112 mmol, 83%) as a yellow-orange solid. 1H NMR 
(benzene-d6, 600 MHz, 25 °C): d 4.45 (m, 1JSiH = 135.2 Hz, 6 H, SiH), 0.21 (d, 3JHH = 3.4 
Hz, 36 H, SiMe2). 11B NMR (benzene-d6, 192 MHz, 25 °C): d –17.5 (d, 1JBH = 68.9 Hz). 
13C{1H} NMR (benzene-d6, 150 MHz, 25 °C): d 150.2 (br, C6F5), 148.4 (br, C6F5), 139.3 (br, 
C6F5), 137.0 (br, C6F5), 2.2 (SiMe2). 19F NMR (benzene-d6, 564 MHz, 25 °C): d –133.6 (3 F, 
ortho-C6F5), –156.0 (3 F, para-C6F5), –161.0 (3 F, meta-C6F5). 29Si{1H} NMR (benzene-d6, 
119 MHz, 25 °C): d –11.2 (SiHMe2). IR (KBr, cm–1): 2958 (m), 2904 (w), 2263 (br, nBH), 
2109 (br nSiH), 1787 (br nSiH), 1646 (m), 1603 (w), 1516 (s), 1467 (br, s) 1372 (m), 1283 (s), 
1258 (s), 1110 (br, s), 1079 (br, s), 959 (br, s), 896 (br, s), 837 (br, s), 786 (s), 673 (m). Anal. 
Calcd for BC32F15H43Si6La: C, 37.28; H, 4.20. Found: C, 37.81; H, 4.00. Mp, 171 °C (dec). 
LaC(SiHMe2)3{HB(C6F5)3}2 (3a) as a representative example of 
LnC(SiHMe2)3{HB(C6F5)3}2 (3). A similar procedure as given for 2a, in which B(C6F5)3 
(0.193 g, 0.377 mmol) and La{C(SiHMe2)3}3 (0.130 g, 0.184 mmol) were allowed to react 
for 1 h afforded LaC(SiHMe2)3{HB(C6F5)3}2 (0.226 g, 0.167 mmol, 91%) as a green solid. 
The solid product is washed with pentane and dried for ~1 h. Exhaustive drying leads to 
decomposition. 1H NMR (benzene-d6, 600 MHz, 25 °C): d 4.28 (m, 1JSiH = 134.7 Hz, 3 H, 
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SiH), –0.04 (d, 3JHH = 3.6 Hz, 18 H, SiMe2). 11B NMR (benzene-d6, 192 MHz, 25 °C): d –
17.5 (d, 1JBH = 58.4 Hz). 13C{1H} NMR (benzene-d6, 150 MHz, 25 °C): d 149.9 (br, C6F5), 
148.4 (br, C6F5), 141.2 (br, C6F5), 139.5 (br, C6F5), 138.8 (br, C6F5), 137.2 (br, C6F5), –1.2 
(SiMe2). 19F NMR (benzene-d6, 564 MHz, 25 °C): d –136.2 (6 F, ortho-C6F5), –160.0 (6 F, 
para-C6F5), –164.3 (6 F, meta-C6F5). 29Si{1H} NMR (benzene-d6, 119 MHz, 25 °C): d –10.3 
(SiHMe2). IR (KBr, cm–1): 2963 (m), 2252 (br, nBH), 2106 (br nSiH), 1649 (m), 1606 (w), 
1518 (s), 1468 (br, s) 1375 (m), 1283 (s), 1267 (s), 1117 (br, s), 1081 (br, s), 974 (br, s), 953 
(s), 896 (br, s), 842 (br, s), 790 (m), 672 (m). Anal. Calcd for B2C48F30H35Si3La: C, 40.41; H, 
2.47. Found: C, 40.84; H, 2.59. Mp, 170-173 °C. 
Representative example of butadiene polymerization provided material 
characterized by Table 3, entry 8. Stock solutions of Nd{C(SiHMe2)3}3 (1.0 mL; 22 mM in 
toluene, 0.022 mmol) and B(C6F5)3 (1.0 mL, 44 mM in toluene, 0.044 mmol) were mixed in 
a test tube for 3-5 minutes to yield a teal solution. AliBu3 (0.044 g, 0.22 mmol) was placed in 
a 10 mL volumetric flask and toluene was added to give a 22 mM solution. Combination of 
the two solutions in a glass reactor containing a magnetic stir bar afforded a pale green 
solution. The reactor was sealed, placed in an oil bath preheated to 60 °C, and stirred for 5 
min. The reactor was pressurized with butadiene gas (~20 psi). Upon addition of butadiene, 
the solution turned pale yellow and fumes arose from the surface of the stirring solution. The 
reactor pressure was maintained between 15-20 psi throughout the reaction, as monitored by 
a gauge on the reactor, through the addition of butadiene gas (3×). Methanol (2 mL) was 
added after 15 min. to quench the reaction, giving a colorless solution and a small amount of 
precipitate. The reaction mixture was then added to an acidic MeOH solution (10 mL of 10% 
3M HCl in MeOH) to precipitate the polybutadiene. The supernatant was decanted, and the 
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polybutadiene solid was washed with MeOH (5 × 5 mL), transferred to a pre-tared vial, and 
dried until the mass (1.16 g) remained constant. 
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CHAPTER 4.    ACTIVATION STUDIES OF Nd{C(SiHMe2)3}3 AND THEIR 
IMPACTS TOWARD DIENE POLYMERIZATION REACTIVITY AND 
SELECTIVITY. 
Modified from a manuscript to be submitted to a journal. 
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Abstract 
 The activation of Nd{C(SiHMe2)3}3 by B(C6F5)3 and [Ph3C][B(C6F5)4] for the 
polymerization of isoprene is cis-1,4 selective when 2 equiv. of activators are used with 
AliBu3 co-catalyst. When 1 equiv. B(C6F5)3 is used for activation, the polymerization of 
isoprene is nearly 50:50 cis:trans selective. New activation methods utilizing organo-chloride 
sources, namely Ph3CCl are also found to be cis-1,4 selective. The activation utilizing 1 
equiv. B(C6F5)3 and 1 equiv. Ph3CCl is highly cis-1,4 selective (>95%) and has a narrow PDI 
(<1.5) for isoprene polymerization. The activation methods utilizing organo-chloride sources 
can also be applied to the polymerization of butadiene. For the case of 1 equiv. B(C6F5)3 and 
1 equiv. Ph3CCl good cis-1,4 selectivity of 90% is achieved. 2 equiv. Ph3CCl can be used to 
activate Nd{C(SiHMe2)3}3 for the polymerization of butadiene for high cis-1,4 selectivity 
(>95%) but requires greater than 50 equiv. AliBu3. The polymerization of butadiene with the 
activation of organo-chloride sources results in gelling due to the high activity of the catalyst 
system. 
Introduction 
The rising demand and expectations for improved performance of elastomer materials 
has generated the need for synthetic rubbers containing physical properties equal to or greater 
than those of natural rubber (NR). NR, a material containing >99% cis-2-butene repeating 
units, is used as the primary natural raw material in the manufacturing of tires and other 
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rubber containing products.1 Studies have shown highly linear and predominantly 1,4-cis 
containing polydiene polymers, especially polybutadiene, have exceptional performance in 
abrasion resistance and rolling resistance after compounding making them well suited as 
synthetic alternatives in tire applications.2,3 Coordination polymerization of dienes, such as 
butadiene and isoprene, with transition metal based catalysts can generate polydiene-
elastomers which are highly linear, similar to NR. Thus, polymerizations utilizing transition 
metal catalysts have received noticeable attention toward achieving a high degree of control 
over polymer microstructures. The rare earths, neodymium in particular, have demonstrated 
high activity and selectivity towards 1,4-cis polydienes and tend to be more favorable 
industrial catalysts due to their redox neutral properties, which prevents degradation of bulk 
polymers via oxidation pathways.4 Due to its superior performance in high cis-polybutadiene 
production, neodymium has received noticeable attention in both academic and industrial 
research. For example, neodymium versatate, in combination with aluminum co-catalysts, 
has been widely reported for the production of 1,4-cis polybutadiene and 1,4-cis polyisoprene 
throughout journals5,6,7,8 and patent literature.9,10,11 
 Due to their reduced cost and ease of synthesis versus heteroleptic complexes and 
comparable activities to Ziegler-type systems, homoleptic lanthanoids are of interest 
industrially as pre-catalysts for diene polymerizations. To this note Nd(OCOR)3,12,13 
Nd(OR)3,14,15 Nd(BH4)3(THF)n,16 Nd(AlMe4)3,17,18 Nd(NR2)3,19 and Nd(η3-C3H5)320,21 have 
all been studied with various activation conditions and co-catalysts for diene 
polymerizations. These homoleptic neodymium precursors are often activated by B(C6F5)3, 
[HNMe2Ph][B(C6F5)4], or [Ph3C][B(C6F5)4], to generate more active cationic metal centers. 
In diene polymerizations, aluminum co-catalysts serve as chain transfer agents (CTA) where 
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a reversible/semi-reversible alkyl and/or polymer chain exchange occurs between the active 
Nd centers and dormant Al sites resulting in living/pseudo-living polymerizations.22,23,24 The 
ratio of aluminum co-catalysts, which is typically triisobutylaluminum (AliBu3), 
diisobutylaluminum hydride (iBu2AlH), or methylaluminoxane (MAO), and neodymium can 
effect activity, polydispersity, and selectivity of polymerizations which makes it difficult for 
direct comparisons of many reports. In addition, these homoleptic, Ziegler-type systems 
generally require a chloride source to produce polydienes containing high 1,4-cis content; 
typically, chlorides are introduced via an aluminum-chloride or an organo-chloride 
source.25,26 A better understanding of how the components of these polymerizations systems 
interact could provide in site for more controlled polymerizations and advancement in 
catalyst development. 
To generate active catalysts typical activation reactions include mixing the 
neodymium precursor, chloride source, and aluminum co-catalysts either in the presence of 
small amounts of diene (<10 equiv.) or before introducing diene monomers. Due to the lack 
of experimental data and the complex nature of what are presumed to be highly fluxional 
systems characterizing the active neodymium catalysts is challenging. Recently, X-ray 
absorption fine structure (XAFS) studies on the neodymium 
versatate/alkylaluminum/aluminum chloride ternary polymerization system have been 
conducted to identify coordination numbers of the neodymium centers. These results suggest 
that alkylation and chlorination of neodymium center generate monomeric metal sites with 
Nd-O, Nd-C-Al, and Nd-Cl-Al interactions and indicate that Nd-Cl coordination numbers 
seem to be the most consistent component throughout the study.27,28 Our recent study on the 
polymerization of butadiene via a chloride-free catalyst system, 
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NdC(SiHMe2)3{HB(C6F5)3}2/AliBu3, produces polybutadiene with cis/trans ratio of nearly 
50/50, supporting the claim for the crucial role chloride plays in directing 1,4-cis selectivity. 
Unfortunately, we also reported that this catalyst system is not active in the presence of the 
typical aluminum chloride source iBu2AlCl. To influence the selectivity of diene 
polymerizations we here in report new activation methods of Nd{C(SiHMe2)3}3 to generate 
precatalysts containing Nd-Cl bonds, and propose likely structures of the controlled 
activations. 
Results and Discussion 
As we have previously reported, Ln{C(SiHMe2)3}3 (Ln = La, Ce, Pr, Nd) reacts with 
1 or 2 equiv. of B(C6F5)3 in benzene-d6 to generate cycle and isolable di-alkyl and mono-
alkyl precatalysts, Ln{C(SiHMe2)3}2HB(C6F5)3 and LnC(SiHMe2)3{HB(C6F5)3}2 respectively 
(eq. 1 and 2). In these and similar reactions we utilize the fact that the lanthanide series 
generally react the same in order to use diamagnetic lanthanum metal centers to probe NMR 
characterizations. We propose that the series will react in similar ways with varying rates of 
reactions. In the reactions that follow we will utilize this presumption to study activation 
reactions on NMR scale with the diamagnetic La{C(SiHMe2)3}3 as the representative 
lanthanoid precursor. 
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Activation of Ln{C(SiHMe2)3}3 with [Ph3C][B(C6F5)4]. Reaction of 
La{C(SiHMe2)3}3 with 1 equiv. of [Ph3C][B(C6F5)4] in benzene-d6 results in the formation of 
Ph3C-H and an insoluble oil. The 1H NMR spectrum of the resulting benzene-d6 layer 
contains Ph3CH, small amounts of cycle (<10% compared to Ph3CH) and multiple low 
intensity SiH and SiMe2 containing signals. Analysis of the 1H NMR spectrum precipitated 
oil in bromobenzene-d5 revealed multiple SiH and SiMe2 peaks which could not be identified 
as starting material or cycle nor isolated for complete characterization. 11B and 19F NMR 
spectra of both the benzene-d6 and bromobenzene-d5 solutions indicate a single borate 
species with one 11B peak (–16.1 ppm in benzene-d6 and –16.3 ppm in bromobenzene-d5) and 
three 19F signals (–132, –160, and –164 ppm in benzene-d6 and –134, –160, and –165 ppm in 
bromobenzene-d5) suggesting an intact and separated [B(C6F5)4]– ion. The reaction of 
La{C(SiHMe2)3}3 with 2 equiv. of [Ph3C][B(C6F5)4] in benzene-d6 also results in the 
formation of an insoluble oil. The benzene-d6 layer contained Ph3CH with a very small 
amount of cycle, while the resulting oil dissolved in bromobenzene-d5 contained multiple 
SiMe2 methyl signals from 0-0.5 ppm. 11B NMR spectra in each solution again contained the 
same single peak shifted to the borate region (–16.1 ppm in benzene-d6 and –16.3 ppm in 
bromobenzene-d5). Whereas, 19F NMR spectrum in benzene-d6 contained multiple new peaks 
and the spectrum in bromobenzene-d5 again displayed only 3 peaks (–134, –160, and –165 
ppm). Most noteworthy from the reactions of La{C(SiHMe2)3}3 with [Ph3C][B(C6F5)4] is the 
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formation of Ph3CH, rather than possible products from alkyl abstraction, suggesting Si-H 
abstraction without the generation of equal molar amounts cycle. This suggests the formation 
of new mono- or dicationic species with very low solubility in benzene, no solubility in 
hydrocarbon, but can be dissolved in more polar solvents, such as bromobenzene. The 
addition of (AlMe3)2 (5 equiv.) to the precipitated oil in benzene-d6 or hydrocarbon solvent 
such as heptane generates a homogeneous solution but organometallic species were unable to 
be isolated nor identified by NMR.  
Activation of Ln{C(SiHMe2)3}3 with organochlorides. Typical organochloride 
reagents used in neodymium based polymerization of butadiene for high 1,4-cis selectivity, 
such as Me2SiCl2, Me3SiCl, and tBuCl showed no reactivity with Ln{C(SiHMe2)3}3 in 
benzene-d6 over 30 min. from room temperature to 60 °C as evidence by starting materials 
persisting in 1H NMR spectra. Attempts to selectively chlorinate the lanthanoid center via 
protonation of alkyl groups using ammonium chlorides, such as [(iPr)2EtNH]Cl, results in 
protonation of all alkyl groups and the formation of LnCl3 rather than selectively making 
mixed alkyl-chloro lanthanoids. This was determined by reaction of La{C(SiHMe2)3}3 with 2 
equiv. [(iPr)2EtNH]Cl in benzene-d6 and observing the generation of 2 equiv. NEt(iPr)2 and 
HC(SiHMe2)3 while preserving 0.3 equiv. of the lanthanum starting material (Figure 1). 
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Figure 1. 1H NMR spectrum of La{C(SiHMe2)3}3 + 2 eq. [(iPr)2EtNH]Cl in benzene-d6. 
 
The lack of success for desired reactions from traditional organochlorides and 
selective protonation via ammonium chloride salts we pursued Ph3CCl as a organochloride 
source due to the successful activation we observed with [Ph3C][B(C6F5)4] generating 
cationic lanthanoids (even if those activations were not isolable). The reaction of 
La{C(SiHMe2)3}3 with 1 equiv. Ph3CCl in benzene-d6 was observed to be completed within 
10 min. and remained unchanged over 24 h at room temperature. The resulting mixture 
contained 0.5 equiv. of unreacted La{C(SiHMe2)3}3, 0.5 equiv. Ph3CH, 0.5 equiv. Ph2C-
C6H5-C(SiHMe2)3 (2), and new unidentified SiH and SiMe signals (Figure 2).  
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Figure 2. 1H NMR spectrum of the resulting solution of La{C(SiHMe2)3}3 + 1 equiv. Ph3CCl 
in toluene pumped dry and dissolved in benzene-d6. 
Compound 2 was identified by the reaction of Ph3CCl with KC(SiHMe2)3, which 
yields a mixture of two isomers 2a and 2b (eq. 3 and Figure 3). The SiH and SiMe signal in 
benzene-d6 for both 2a and 2b both come at 4.35 and 0.27 ppm respectively. The 
distinguishing 1H NMR signals between 2a and 2b are two doublet of doublet peaks and a 
broad singlet for each as assigned by 1H COSY correlation experiments. Only one of the 
compounds is observed in the reaction of La{C(SiHMe2)3}3 with 1 equiv. Ph3CCl, which has 
peaks at 6.72, 6.09, and 3.67 ppm. 
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Figure 3. 1H NMR spectrum of KC(SiHMe2)3 + Ph3CCl in benzene-d6. 
 
La{C(SiHMe2)3}3 reacted with 2 equiv. Ph3CCl in benzene-d6 resulted in full 
conversion of starting materials and the generation of 1 equiv. Ph3CH, 1 equiv. 2, and an 
increase in signal of the unassigned SiH and SiMe signals (Figure 4). In addition, a peak at 
0.94 ppm, which appears in reaction with 1 or 2 equiv. Ph3CCl, is identified as a SiMe by a 
crosspeak in 29Si{1H} HMBC experiments which assigns it to a silicon with a 29Si shift of 
12 ppm. Interestingly there are multiple 29Si signals with cross peaks a broad methyl signal at 
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0.6 ppm which have 29Si shifts around 30 ppm (Figure 5), suggesting that there may be some 
MeSi-Cl groups. This chemical shift is comparable to other Si-Cl containing organics, such 
as Me3Si-Cl (30.70 ppm).29 
 
 
 
Figure 4. 1H NMR spectrum of the resulting solution of La{C(SiHMe2)3}3 + 2 equiv. Ph3CCl 
in toluene pumped dry and dissolved in benzene-d6. 
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Figure 5. 29Si{1H} HMBC spectrum of La{C(SiHMe2)3}3 + 2 equiv. Ph3CCl in benzene-d6. 
 
These results show that La{C(SiHMe2)3}3 and Ph3CCl react in a 1:2 ratio and suggest 
both a SiH abstraction and an alkyl abstraction occur. However, we were unable to determine 
whether the SiH or alkyl abstraction occurs first. Mass balancing the reaction from assigned 
products by 1H NMR suggests that the remaining lanthanide species contains one chlorine 
(likely exchanged during alkyl abstraction) and two alkyl groups, of which one may have an 
SiH replaced with a SiCl (likely exchanged during SiH abstraction) (eq. 4). Interestingly the 
reaction of La{C(SiHMe2)3}3 and trityl chloride is different from the observations made in 
the reaction of La{C(SiHMe2)3}3 and trityl borate ([Ph3C][B(C6F5)4]) where reactions 
occurred in a 1:1 ratio with no formation of 2 and only a minor formation of cycle. 
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Activation of Ln{C(SiHMe2)3}2HB(C6F5)3 with Ph3CCl. As discussed previously, 
the reaction of Ln{C(SiHMe2)3}3 with 1 equiv. of B(C6F5)3 generates the isolable compound, 
Ln{C(SiHMe2)3}2HB(C6F5)3. When isolated La{C(SiHMe2)3}2HB(C6F5)3 is reacted with 1 
equiv. Ph3CCl in benzene-d6 Ph3C-H and cycle are observed as reaction products. In addition, 
when La{C(SiHMe2)3}2HB(C6F5)3 is generated in situ (generating 0.5 equiv. cycle, Figure 6: 
Step 1) then reacted with 1 equiv. of Ph3CCl (Figure 6: Step 2), 1 equiv. Ph3C-H is observed 
and the integration of cycle doubles. It is worth noting that there is no product 2 observed 
upon the addition of Ph3CCl, which is different than the observations described above. A SiH 
peak at 4.45 ppm along with multiple new, low intensity Si-H peaks from 4.2 to 4.8 ppm are 
observed along with multiple new SiMe signals. A broad signal is observed in 11B NMR 
spectrum at -17.7 ppm for step 1 and step 2 (Figure 6), indicating that the boron is likely part 
of a hydridoborate zwitterion, La–H–B(C6F5)3 similar to that observed in 
La{C(SiHMe2)3}2HB(C6F5)3. 19F NMR spectrum contained multiple low intensity peaks 
grouped from 130-137 ppm, 154-156 pp, and 161-163 ppm. The broad 11B signal and the 
number of 19F signals could be a result of fluxionality of the proposed compound or a 
mixture of resulting products. We propose that Ph3CCl transfers a chloride to the lanthanum 
center and abstracts a hydride from the hydroborate ligand, generating free B(C6F5)3. The 
free borane can then do a second Si–H abstraction generating a hydridoborate ligand and 
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cycle (Figure 6). We propose this activation method yields a lanthanum center with three 
unique ligands, a –C(SiHMe2)3, –H–B(C6F5)3, and –Cl (Figure 6: Proposed Compound). 
Attempts to isolate this compound by washing with pentane, cyclohexane or crystallization 
attempts failed to yield a clean compound for characterization. After evaporation of volatiles 
under reduced pressure the resulting solid appeared as a pale-yellow solid which had low 
solubility in benzene-d6 and bromobenzene-d5.   
 
Figure 6. 1H and 11B NMR spectra of the two-step reaction for La{C(SiHMe2)3}3 + B(C6F5)3 
à La{C(SiHMe2)3}2HB(C6F5)3 + Ph3CCl in benzene-d6 at ambient temperature. 
When the proposed compound LaClC(SiHMe2)3HB(C6F5)3 is reacted with AlMe3 (10 
equiv.) in benzene-d6 a slight change is observed by 1H NMR. A SiH peak at 4.44 ppm and 
SiMe doublet at 0.25 ppm are assigned to alkyl group transfer from lanthanum to aluminum 
based on identical chemical shift during the reaction of LaC(SiHMe2)3{HB(C6F5)3}2 and 
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AlMe3. In addition, 3 sharp singlets at 2.03, 1.57 and 1.00 ppm are new features. Two low 
intensity signals in 11B NMR spectrum were observed at –17.5 and 86.7 ppm assigned to a 
[La]-H-B(C6F5)3 species and BMe3, respectively. These results indicate rapid alkyl exchange 
while preserving a HB(C6F5)3 species with some alkyl-aryl exchange between borane and 
aluminium. Reaction of LaC(SiHMe2)3{HB(C6F5)3}2 with Ph3CCl generates Ph3CH 
(observed by 1H NMR), small amounts of free B(C6F5)3 (observed by 11B NMR), and an 
insoluble solid. Small SiH and SiMe2 signals in solution could not be assigned to cycle nor 
free HC(SiHMe2)3.  
Polymerization Studies with isoprene. Our recent report Ln{C(SiHMe2)3}3 (Ln = 
La, Ce, Pr and Nd) as precatalysts showed moderate to good activity in for polymerization of 
butadiene when AliBu3 is used as a co-catalyst but display poor insertion selectivity between 
cis-1,4 and trans-1,4 units. Neodymium showed the highest activity among the series studied, 
thus we chose to study this precatalysts for polymerization of isoprene as well (eq. 5). The 
activation of Nd{C(SiHMe2)3}3 (1) with 1 or 2 equiv. B(C6F5)3, generating 
Nd{C(SiHMe2)3}2HB(C6F5)3 and NdC(SiHMe2)3{HB(C6F5)3}2 respectively (eq. 1 and 2), and 
subsequent addition of 10 equiv. of AliBu3 were both active in the polymerization of 
isoprene at ambient temperature (Table 1, entries 1 & 2). Similar to the polymerization of 
butadiene, the mono-alkyl species had a higher activity when compared to the dialkyl species 
and resulted in a larger Mn but also had a slightly larger polydispersity index (PDI). The di-
alkyl catalyst resulted in a polymer with 97% selectivity for 1,4-insertion; however, most 
notably there was 41% selectivity toward trans-1,4 selectivity which is rare for neodymium 
coordination polymerization. Whereas, the more active mono-alkyl species resulted in a 
polymer that was >98% 1,4-insertion bus was exclusively cis-1,4.  
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Table 1. Polymerization of isoprene by 1 with different activators.[a] 
Entry Activator Equiv. Activator[b] Yield(%)[c] Activity[d] Microstructure[e] Mn[f][g] PDI[g] 
1 A 1 - 35% 560 56/41/3 29.8 1.8 
2 A 2 - 95% 1510 98/0/2 163 2.4 
3 B 1 - 20% 330 21/73/6 11.2 1.3 
4 B 2 - 99% 1570 98/0/2 131 2.1 
5 A 1 Ph3CCl 94% 1480 98/0/2 69.6 1.2 
6 A 1 [(iPr)2EtNH]Cl 9% 147 97/0/3 6.1 2.9 
7 A 2 Ph3CCl 82% 1300 99/0/1 137 1.9 
8 A 2 [(iPr)2EtNH]Cl 57% 900 97/0/3 187 1.9 
9 B 1 Ph3CCl 4% 60 93/0/7 n.d. n.d. 
10 B 1 [(iPr)2EtNH]Cl 81% 1280 96/0/4 50.8 1.4 
11 B 2 Ph3CCl 95% 1510 98/0/2 41.0 5.2 
12 B  2 [(iPr)2EtNH]Cl 5% 70 96/0/4 n.d. n.d. 
13 - - Ph3CCl[h] 0.0 - -- - - 
14 - - [(iPr)2EtNH]Cl[i] 0.0 - -- - - 
[a] Conditions: 0.0105 mmol 1; [AliBu3]/1 =10; A = B(C6F5)3; B = [Ph3C][B(C6F5)4]; Vtotal = 12 mL 
toluene; T = r.t.; time = 30 min. [b] 1 equiv. to 1. [c] Isolated polymer. [d] g·mole1–1·min–1. [e] Ratio 
cis-1,4/trans-1,4/vinyl-3,4 determined by 1H and 13C{1H} NMR. [f] x 103 g·mol–1. [g] Determined by 
GPC vs PS standards. [h] 2 equiv. to 1 and 50 equiv. AliBu3. [i] 3 equiv. to 1 and 50 equiv. AliBu3. 
Activation of 1 with 1 or 2 equiv. [Ph3C][B(C6F5)4] as an activator and 10 equiv. 
AliBu3 as a co-catalyst for the polymerization of isoprene gave similar results to the 
activation with B(C6F5)3. A precatalysts generated by the reaction of 1 and 1 equiv. 
[Ph3C][B(C6F5)4] yielded a polymer with 94% 1,4-insertion selectivity with 73% selectivity 
for trans-1,4. Whereas, activation of 1 with 2 eq. [Ph3C][B(C6F5)4] is much more active, 
N
1 + activator + AliBu3
toluene, r.t., 30 min.
x
y
z
cis–1,4 trans–1,4 vinyl–3,4
(5)n
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giving full conversion of isoprene in thirty minutes and 98% selective towards 1,4-insertion, 
which are exclusively cis-1,4 (Table 1, entries 3 and 4). Comparison of polyisoprene samples 
generated from 1 with 1 or 2 equiv. of B(C6F5)3 and 1 or 2 equiv. [Ph3C][B(C6F5)4] by GPC 
reveals that activation with 2 equiv. are similar (Figure 7). Whereas, a noticeable difference 
is observed when only 1 equiv. of activator is used. 1 equiv. of [Ph3C][B(C6F5)4], while yield 
is low, provides a low PDI of 1.3 and 1 equiv. B(C6F5)3 gives a slightly more active catalyst 
but also results in a higher PDI. 
 
 
 
Figure 7. GPC traces of RI signals for polyisoprene polymerized by the activation of 1 with 
1 equiv. B(C6F5)3 (Green), 2 equiv. B(C6F5)3 (Blue), 1 equiv. [Ph3C][B(C6F5)4] (Black), and 
2 equiv. [Ph3C][B(C6F5)4] (Red) in toluene at room temperature for 30 minutes with 10 
equiv. AliBu3 as a co-catalysts. 
 
16 18 20 22 24 26 28 30 32 34
Retention Volume (mL)
2 equiv. B(C6F5)3
Mn = 163,000
PDI = 2.4
1 equiv. B(C6F5)3
Mn = 29,800
PDI = 1.8
2 equiv. [Ph3C][B(C6F5)4]
Mn = 131,000
PDI = 2.1 
1 equiv. [Ph3C][B(C6F5)4]
Mn = 11,200
PDI = 1.3
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However, activations with [Ph3C][B(C6F5)4] were less reproducible when compared 
to B(C6F5)3. For example, experiments were 1 equiv. [Ph3C][B(C6F5)4] were utilized with 
varying aging times of catalysts (ranging from 2-30 minutes) resulted in yields ranging from 
20-99% and trans-1,4 selectivity ranging from 0-40%. Attempts to adjust activation 
procedures with [Ph3C][B(C6F5)4], especially with one equivalent, to allow for higher 
reproducibility ultimately failed. The irreproducibility was attributed to the generation of an 
oil residue rather than a homogenous solution of a well-defined species as is observed for 
B(C6F5)3.  
Comparison of GPC traces for different activation methods which produced the best 
yields, 1,4-cis selectivity, and PDI (Table 1, entries 2, 4, and 5) of polyisoprene reveals the 
activation of 1 with 1 equiv. B(C6F5)3 + 1 equiv. Ph3CCl affords a more uniform polymer 
distribution (Figure 8). The low PDI from the activation of 1 with 1 equiv. B(C6F5)3 + 1 
equiv. Ph3CCl suggests that the active polymerization sites are uniform and 
interaction/exchange with aluminum co-catalyst is also consistent. Whereas, the activation of 
1 with 2 equiv. B(C6F5)3 or 2 equiv. [Ph3C][B(C6F5)4] leads to polymers with a slightly 
higher content of low molecular weight polymer, as signified by the tailing of RI signal at 
longer retention volume in GPC analysis (Figure 8). In isoprene polymerization reactions 
activated by 2 equiv. Ph3CCl and 3 equiv. [(iPr)2EtN][HCl] no polyisoprene was formed. 
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Figure 8. GPC traces of RI signals for polyisoprene polymerized by the activation of 1 with 
2 equiv. B(C6F5)3 (Blue), 2 equiv. [Ph3C][B(C6F5)4] (Red), and 1 equiv. B(C6F5)3 + 1 equiv. 
Ph3CCl in toluene at room temperature for 30 minutes with 10 equiv. AliBu3 as a co-
catalysts. 
 
Table 2. Polymerization of isoprene with Nd{C(SiHMe2)3}2HB(C6F5)3 and 10 AliBu3.[a] 
Entry Equiv. AliBu3[b] Yield(%)[c] Activity[d] Microstructure[e] Mn[f][g] PDI[g] 
1 5 0 -- -- -- -- 
2 10 35.3% 560 56/41/3 29.8 1.8 
3 50 60% 950 76/21/3 5.2 2.4 
4 100 52% 820 71/25/4 4.4 3.3 
[a] Conditions: 0.0105 mmol 1; [AliBu3]/1 =10; Vtotal = 12 mL toluene; T = r.t.; time = 30 
min. [b] 1 eq. to 1. [c] Isolated polymer. [d] g·mole 1–1·min–1. [e] Ratio cis-1,4 /trans-
1,4/vinyl-3,4 determined by 1H and 13C{1H} NMR. [f] x 103 g·mol–1. [g] Determined by 
GPC vs PS standards. 
Further exploration of the polymerization of isoprene with the activation condition of 
1 + 1 equiv. B(C6F5)3 (Table 2) revealed that raising the equivalents of aluminum co-catalyst 
increases yield. With 50 equiv. AliBu3 a yield of 60% was observed. In addition, as the 
15 17 19 21 23 25 27 29 31 33
Retention Volume (mL)
1 equiv. B(C6F5)3 + 1 equiv. Ph3CCl
Mn = 69,600
PDI = 1.2
2 equiv. B(C6F5)3
Mn = 163,000
PDI = 2.4
2 equiv. [Ph3C][B(C6F5)4]
Mn = 131,000
PDI = 2.1 
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aluminum ratio is increased the selectivity towards cis-1,4 polyisoprene also increases. It 
appears that as catalyst activity (correlated to yield of reaction) increases selectivity for cis-
1,4 also increases. As expected, increasing aluminum ratio decreases Mn as more sites for 
chain transfer are present. However, the increase of aluminum also increased PDI and 
generated GPC traces which have a shoulder corresponding to higher molecular weight 
polymer (Figure 9). This indicates that, while the selectivity for trans-1,4 polyisoprene is 
interesting, activation of 1 with 1 equiv. B(C6F5)3 leads to active sites are not uniform 
throughout the lifetime of the isoprene polymerization, at least at higher co-catalyst loadings. 
This may be a result of a change in efficiency or mechanism of chain transfer processes at 
higher aluminum loadings as well.  
 
Figure 9. GPC traces of RI signals for polyisoprene polymerized by 1 + 1 equiv. B(C6F5)3 in 
toluene at room temperature for 30 minutes with varying amounts of AliBu3. 
20 22 24 26 28 30 32 34
Retention Volume (mL)
10 equiv. 50 equiv. 100 equiv.
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Polymerization Studies with butadiene. High cis-1,4 selective polymerization of 
isoprene was achieved, even with activation of 1 to the mono-alkyl precatalyst 
NdC(SiHMe2)3{HB(C6F5)3}2; however, in our previous report for the polymerization of 
butadiene with 1 activated by 2 equiv. B(C6F5)3 and AliBu3 co-catalyst, the resulting 
polybutadiene contains nearly a 50:50 ratio of cis-1,4 and trans-1,4. As discussed in the 
introduction, high cis-1,4 polybutadiene has many industrial applications, including tire 
manufacturing, and the addition of chloride sources in neodymium-based butadiene 
polymerizations increases the cis-1,4 selectivity to the point of high cis-1,4 polybutadiene 
(greater than 95%). Thus, the activation methods described above, which are proposed to 
create neodymium-chloride species, were tested as activation methods for the polymerization 
of butadiene (eq.6, Table 3). In our previous report, we also observed a substantial 
improvement in selectivity when switching reaction solvent (with no observed impact on 
catalyst activity) from toluene to heptane and is explored with our new activation methods. 
 
Activation of 1 with 1 equiv. B(C6F5)3 and 1 equiv. Ph3CCl (method A) has modest 
activity with 10 equiv. AliBu3 as co-catalyst and is inactive with 5 equiv. AliBu3 (Table 3, 
entries 2 and 1 respectively). When the co-catalyst ratio is increased to 20 equiv. for 
activation method A, activity drastically increases (Table 3, entry 3). In contrast, activation 
of 1 with 2 equiv. Ph3CCl (method B) required more than 50 equiv. AliBu3 before 
polybutadiene could be isolated. Even with 100 or 200 equiv. of AliBu3 activation method B 
N
1 + activator + AliBu3
toluene, r.t., 15 min.
x
y
z
cis–1,4 trans–1,4 vinyl–1,2
(6)n
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Table 3. Polymerization of butadiene with 1 with different activation methods.[a] 
Entry 
Activation 
Method[b] 
Equivalents 
AliBu3 
Yield 
(g)[c] 
Activity[d] Microstructure[e] Mn[f][g] PDI[g] 
1    A 5 0 -- -- -- -- 
2    A 10 0.110 520 73/18/9 64.0 2.4 
3    A 20 0.570 2700 89/8/3 66.0 2.2 
4    B 50 0 -- -- -- -- 
5    B 100 0.375 1800 96/3/1 97.6 15 
6    B 200 0.473 2300 97/2/1 69.4 6.3 
7    A[h] 10 0.870[i] 4100 n.d. n.d. n.d. 
8    B[h] 200 0.680[i] 3200 n.d. n.d. n.d. 
9    B[h] 20 0.338[i] 1500 n.d. n.d. n.d. 
[a] Conditions: 0.0140 mmol 1; Vtotal = 12 mL toluene; T = 60 °C; time = 15 min.; addition 
of butadiene as a constant pressure of 20 psi. [b] A: 1 equiv. B(C6F5)3 + 1 equiv. Ph3CCl. B: 
2 equiv. Ph3CCl. [c] Isolated polymer. [d] g·mole 1–1·min–1. [e] Ratio 1,4-cis/1,4-trans/3,4-
vinyl determined by IR analysis. [f] x 103 g·mol–1. [g] Determined by GPC vs PS standards. 
[h] Heptane used as reaction solvent. [i] Polymerization resulted in the formation of gels. 
 
showed lower activity when compared to method A with only 20 equiv. AliBu3. When 
heptane was used as a reaction solvent for both methods A and B gels were formed within 15 
minutes (Table 3, entries 7, 8, and 9). In heptane method B was moderately active with only 
20 equiv. AliBu3 but provided only gelled polybutadiene. The gels are likely a result of ultra 
high molecular weight polybutadiene, as they form brittle solids rather than expected rubber-
like semi-solid. Due to the formation of gels NMR, GPC, and IR analysis could not be 
conducted. 
Activation of 1 with either method A or B in toluene provides higher selectivity for 
cis-1,4 insertion when compared to activation with 2 equiv. B(C6F5)3. When method A is 
used in toluene cis-1,4 content is increased to 89% while still maintaining a PDI below 2.5 
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(Table 3, entry 3 and Figure 10). Notably, when method B is used, with a larger excess of co-
catalyst, selectivity toward cis-1,4 is greater than 95% (Table 3, entries 5 and 6 and Figure 
10), which competes with the best neodymium based catalyst systems. However, activation 
method B provides PDI values greater than 5, suggesting non-uniform activation of 1. 
Studies of activation method B described above suggests that this likely arises after the 
addition of co-catalyst, AliBu3. 
 
 
 
Figure 10. IR analysis of PBD samples from activation method A (Red, Table 3, entry 3) and 
activation method B (Blue, Table 3, entry 6). Spectra are normalized to cis-1,4 intensities. 
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GPC analysis of polybutadiene generated from 1 and the activation methods A and B 
exposes more complicated polybutadiene compared to the activation with 2 equiv. B(C6F5)3 
(Figure 11). First, activation method A and 10 or 20 equiv. of AliBu3 generates polymers 
with similar Mw, Mn, and PDI characteristics but substantially different over all activities 
(Figure 11). This suggests 10 equiv. of AliBu3 may only activate a portion of the neodymium 
pre-catalyst leading to similar polymer characteristics but a lower polybutadiene yield, and 
thus lower overall activity. This is further supported by no polymerization activity when the 
co-catalyst is further reduced to 5 equivalents.  
Second, activation method B and large excess AliBu3 (100 and 200 equivalents) 
produces polybutadiene with large PDIs, as evidenced by the broad distribution of low 
molecular weight signal in GPC analysis (Figure 10, Green and Blue traces). Increasing the 
co-catalyst ratio to 200 equiv. slightly improved PDI but was still greater than 5. However, 
an additional peak is observed in GPC analysis when 200 equiv. AliBu3 is used, which 
corresponds to polybutadiene with a low Mw below 1500 Da. The observation of higher PDIs 
for activation methods A and B suggest that in the presence of chloride co-catalyst 
interactions (such as chain transfer) are likely impacted. For activation method B, it also 
appears that reaction between neodymium pre-catalyst and AliBu3 is substantially different 
that much larger excess of co-catalyst is need and much larger distributions are observed. In 
addition, the drastic change in activity between toluene and heptane suggests that the active 
catalysts generated from methods A and B are considerably different than when 1 is activated 
by 1 or 2 equiv. B(C6F5)3 as there was no observed change in overall activity between the 
two solvents. 
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Figure 11. GPC traces of RI signals for polyisoprene polymerized by 1 + 1 equiv. B(C6F5)3 
in toluene at room temperature for 30 minutes with varying amounts of AliBu3. 
Conclusion 
 The polymerization of isoprene has been described by a number different catalyst 
systems based activation of 1. The selective polymerization for high cis-1,4 polyisoprene was 
readily achieved by a number of different methods, including the activation with 2 equiv. 
B(C6F5)3. The selectivity for cis-1,4 polyisoprene, while important for polyisoprene 
application, was found to be much lower when activated by 1 equiv. B(C6F5)3 or 1 equiv. 
[Ph3C][B(C6F5)4]. A study on the co-catalyst, AliBu3, ratio with the activation of 1 equiv. 
B(C6F5)3 for the polymerization of isoprene suggests that higher AliBu3 ratios impact 
selectivity, producing high cis-1,4 content, but also increase PDI as evidence by bimodal 
polymers. Unfortunately, the activation of 1 with [Ph3C][B(C6F5)4] in aromatic solvents, such 
as benzene or toluene, is more difficult (compared to B(C6F5)3) to reproduce and does not 
15 20 25 30 35
Retention Volume (mL)
Solvent Marker
1 B(C6F5)3 + 1 Ph3CCl + 10 AliBu3
Mw = 154000
Mn = 64000
PDI = 2.4
1 B(C6F5)3 + 1 Ph3CCl + 20 AliBu3
Mw = 147000
Mn = 66000
PDI = 2.2
2 Ph3CCl + 200 AliBu3
Mw = 438000
Mn = 69400
PDI = 6.3
2 Ph3CCl + 100 AliBu3
Mw = 1500000
Mn = 97600
PDI = 15
Low Mw Fraction
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provide a well-defined, isolable species even though polymerizations (especially with 2 
equivalents) appear to have comparable activity to B(C6F5)3. 
New methods for activation of Ln{C(SiHMe2)3}3, which introduce chlorides through 
controlled and predicable reactions, have been described using Ph3CCl as the chloride source. 
While these activation methods did not lead to isolable species, NMR analysis of reaction 
mixtures suggest activation to species stable in solution. Addition of co-catalyst, AliBu3, to 
these organo-lanthaniods generated a catalyst system active in diene (butadiene and isoprene) 
polymerization. When 1 is activated by 1 equiv. B(C6F5)3 and 1 equiv. Ph3CCl (method A) 
and AliBu3 isoprene is polymerized with high cis-1,4 selectivity (>95%) and low PDI (<1.5) 
and only required 10 equiv. co-catalyst. In contrast, the polymerization of butadiene with 
activation method A required 20 equiv. AliBu3 for equivalent activity and gave good cis-1,4 
selectivity (~90%) and a moderate PDI (~2.5). When 1 is activated by 2 equiv. Ph3CCl 
(method B) with 50 equiv. AliBu3 there was no polymerization of isoprene at room 
temperature in toluene. Activation by method B also showed no polymerization activity for 
butadiene with 50 equiv. AliBu3 at 60 °C but increasing co-catalyst loading to 100 equiv. 
generated an active catalyst system which was highly selective (>95%) for cis-1,4 
polybutadiene. However, even with high selectivity for cis-1,4 polybutadiene activation by 
method B also results in high PDI (>10). Increasing co-catalyst to 200 equiv. reduced PDI 
(~6) without impacting cis-1,4 selectivity but also resulted in the presence of low Mw 
polybutadiene formation. 
The selective cis-1,4 polymerization of isoprene in toluene has been shown with well-
defined activations of 1 by 2 equiv. B(C6F5)3 and can also be achieved with 2 equiv. 
[Ph3C][B(C6F5)4] and activation method A. In contrast, cis-1,4 selective polymerization of 
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butadiene in toluene with pre-catalyst 1 requires activation with a chloride donor. Ph3CCl 
used in methods A and B has been shown to provide improved cis-1,4 selectivity in 
polymerization run in toluene. The addition of chloride to 1 has made it more challenging to 
develop a well-defined catalyst system in that activation methods A and B are not isolable 
and their further reaction with co-catalyst is even less understood. It is likely that a more 
controlled interaction between the intermediate from activation methods A or B and 
aluminum co-catalyst could result in polymerizations with high cis-1,4 content and more 
desirable PDIs. In addition, further modification to the activations methods or reaction 
optimization are required for polymerizations in heptane, a solvent preferred for industrial 
applications.  
Experimental 
General Procedures. All reactions were performed under a dry argon or nitrogen 
atmosphere using standard Schlenk techniques or under nitrogen atmosphere in a glovebox, 
unless indicated. Dry, oxygen-free solvents were used throughout. Benzene, toluene, pentane, 
and tetrahydrofuran were degassed by sparging with nitrogen, filtered through activated 
alumina columns, and stored under nitrogen. Heptane was stirred with H2SO4, washed with 
aqueous Na2CO3, distilled from CaH2 under nitrogen, and stored in a nitrogen-filled 
glovebox. Benzene-d6 and toluene-d8 were heated at reflux over Na/K alloy, vacuum-
transferred, and stored over 4 Å molecular sieves in a nitrogen-filled glovebox. 
Bromobenzene-d5 was degassed and stored over 4 Å molecular sieves in a nitrogen-filled 
glovebox. Ln{C(SiHMe2)3}3 (Ln= La and Nd),30 B(C6F5)3,31 and [Ph3C][B(C6F5)4]32 were 
prepared following literature procedure. AliBu3 and butadiene were all purchased from 
Sigma-Aldrich and used as received. Isoprene was stirred over CaH2 and fractionally distilled 
and stored under a N2 atmosphere. Ph3CCl was recrystallized from ethyl acetate twice, dried 
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under vacuum at 50 °C overnight and stored in a nitrogen-filled glovebox. All other reagents 
were used as received or purified as indicated in the text. Butadiene is a flammable toxic gas 
and should be used in a well-ventilated fume hood, and alkylaluminum reagents are 
pyrophoric and should be handled with caution. 
1H, 11B, 13C{1H}, 19F NMR spectra were collected on Bruker DRX-400 and Bruker 
Avance III 600 spectrometers. 29Si NMR chemical shifts were determined by 1H-29Si HMBC 
experiments on a Bruker Avance III 600 NMR spectrometer. Infrared spectra were recorded 
on a Bruker Vertex 80 spectrometer. GPC analysis was conducted using a Viscotek GPCmax 
VE 2001 at 0.8 mL/min. in tetrahydrofuran and referenced to polystyrene standards. 
Microstructure of isoprene was assigned by determining ratio of 1,4 and 3,4 units by 
integration of unsaturated 1,4 protons and 3,4 vinyl protons. Integration of 13C{1H} signals 
of cis-1,4 (39.98 ppm) and trans-1,4 (32.42) were used to determine ratios of cis-1,4/trans-
1,4 units. Microstructure of polybutadiene was assigned by integration of IR spectra peaks 
for 1,4-trans (966 cm–1), 1,2-vinyl (910 cm–1), and 1,4-cis (738 cm–1). 
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Abstract 
 The modification of neodymium-based polydienes has been achieved through two 
approaches. First, the introduction of functional groups capable of grafting to inorganic 
materials, such as silica, was achieved via functionalized alkyne substrates. The addition of 
excess alkyne to neodymium-catalyzed diene polymerization effectively quenches 
polymerization. A small number (relative to monomer units) of functional groups cap 
polymer chain ends. Formulation studies conducted by Kumho Petrochemical indicate the 
utilization of this type of functionalization provides improvements to rubber composites.  
Second, functionalized dienes were targeted for controlled insertions during polymerization. 
Functional groups containing Si–OR groups were found to be inactive in insertion 
polymerization; preliminary calculations conducted by Kumho Petrochemical suggest [Nd]–
O interactions prevent diene insertion. A new type of functional diene, 2-Me2SiNiPr2-1,3-
butadiene, was synthesized through two routes, the reduction of a functionalized 1,4-
dichloro-2-butene and ene-yne metathesis of silylamine acetylene. The former route was 
preferred as isolation of the desired diene, while modest yield, was possible. The application 
of 2-Me2SiNiPr2-1,3-butadiene in homo-polymerization with neodymium catalysts have not 
been successful to date; however, studies have shown this diene can be used to end 
functionalize polydienes. Diffusion Ordered Spectroscopy (DOSY) NMR was used to 
confirm functional groups of interest are bound to the polymer chains.  
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Introduction 
 Over the past decade, an increased emphasis on has been placed on improving the 
energy performance and fuel efficiency in automotive transportation. Reducing rolling 
resistance of tires, attributed to 20% of automobile energy consumption, is a major focus on 
improving fuel efficiencies in the transportation sector. Thus, developing new materials 
applicable for use in tire treads which improve rolling resistance without sacrificing other 
performances such as wear resistance and wet skid resistance is of great importance.1 
Inorganic nanoparticles or colloids, such as silica or carbon black, are major components in 
reinforced rubber composites and are attributed to, at least in part, providing the desired 
mechanical properties.2,3 While many reports have been made on these rubber composites the 
specific mechanism or mechanics for the observed improvements is still contested.4,5 To this 
note, the Panye effect,6 which measures the hysteresis loss under strain, has been considered 
an important factor in material performance and longevity. The Payne effect has been 
assigned to the clustering or aggregation of nanoparticle fillers within rubber composites 
when materials in states of high stress.7 If the aggregation of fillers can be minimized, 
through stronger rubber-filler interactions, it may be possible to improve the performance 
and life time of the rubber composites. 
 Silica has become a prominent filler for tire applications due to the improvements in 
hysteresis loss (Payne effect) and low cost.8,9 However, due to the high surface energy and 
polar groups (hydroxyl groups) silica has a low affinity for non-polar hydrocarbon rubbers 
and a higher affinity for aggregation. To improve composite performance (increased silica 
dispersion) improvements in filler-polymer (rubber) interactions are desired. It has been 
shown that silica surfaces modified with organic coupling agents can improve the filler-
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polymer interaction.10,11  However, this method is less attractive due to the increased cost of 
filler materials and inability to ensure even coverage throughout silica. An alternative 
approach is to covalently attach functional groups to polymers capable of grafting to filler 
surfaces which may also lead to stronger filler-polymer interactions.  
 The post-polymerization modification of polymers used in tire composites, such as 
polybutadiene (PBD), have been studied with a variety of approaches. For example, rhodium 
catalyzed coupling of 1,2-vinyl groups in PBD to 2-vinylpyridines introduce pyridyl groups 
which may have enhanced hydrogen bonding with silica fillers.12 Additional reports for the 
selective functionalization PBD via transition metal catalyzed reactions have also been 
reported and primarily include functionalization of the unsaturated back-bone.13  However, 
approaches like these are limited in commercial tire applications due to the high cost of 
catalysts and reagents, low abundance of often targeted vinyl groups in desired high-cis PBD, 
and a lack of covalent coupling between filler and polymer for many of the introduced 
functional groups. The introduction of functional groups post-polymerization through routes 
free of transition metal catalyst also exist, such as the introduction of bromine and 
alkoxyether groups14 or decorating polymer chains with alkoxysilane groups via AIBN 
assisted radical reactions.15 These types of functionalization method have been more 
effective in introducing functional groups capable of grafting to silica fillers; however, the 
reactions lack the control over selectivity in number of functionalizations per polymer chain 
and the placements of the functional groups along the polymer chain. 
 Telechelic polymers, polymers which are functionalized on both ends of the chain,16 
have also gained some attention for improving polymer-filler interactions. Initial reports were 
successful in utilizing isocyante groups to generate a covalent linkage between polymer and 
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filler.17 More recently, new approaches to accessing telechelic polydienes have been 
reported. Branched polymers, such as star polymers,18 offer multiple types telechelic 
polymers but have additional concerns for large scale applications such as processing the 
resulting materials. The depolymerization of PBD via ruthenium catalyzed cross metathesis19 
or epoxidation with agents such as mCPBA followed by oxirane cleavage20 has also been 
reported for introducing functional groups. The disadvantage of techniques such as these 
include loss in molecular weight (chain length) and at times these methods result in a 
reduction in the uniformity of chain lengths (polydispersion).  
 Mecking and co-workers have recently demonstrated homo- and co-polymerizations 
of polar and non-polar dienes in neodymium based systems.21,22 These advances provide 
insight on a new strategy, polymerization of polar dienes, which may allow industrial 
relevant catalyst systems to generate new materials. In attempts to produce PBD-
functionalizing protocols viable for industrial applications, we focused on industrial relevant 
polymerizations based on neodymium catalysts. Within our studies we look to incorporate 
functional groups, such as alkoxysilyls or silazanes, to specifically chain ends of polydienes 
(polyisoprene and polybutadiene) to demonstrate these could be added in the last stages of 
polymerization, as to not impact the bulk polymer chain and its properties. In addition, we 
targeted molecules which may lead to telechelic polymers with controlled numbers of 
functional groups at each end of the chain. 
Results and Discussion 
Terminal functionalization of polydienes via polymerization termination with 
siloxy-functionalized alkynes. The synthesis of the di-substituted alkyne (EtO)3Si-CºC-
Si(OEt)3 was done using two independent routes. The first method was modified from a 
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procedure reported by Tsuru and co-works starting from a Et2O solution of trichloroethylene 
cooled to –78 °C and adding 3 equiv. of nBuLi. Warming the mixture to ambient temperature 
generates [Li-CºC-Li] as a white suspension. (EtO)3SiCl (2 equiv.) is added in a dropwise 
fashion to the suspension to generate (EtO)3Si-CºC-Si(OEt)3 in good yield (eq 1).23 A few 
modifications to the reported procedure were required. In the reported procedure materials 
were used as purchased without further purification. When this method was repeated yields 
were found to be lower than what was reported. To increase the yield, the reaction was 
modified by purifying trichloroethylene via distillation from CaCl2/Na2CO3 and used 
immediately after distillation. In addition, (EtO)3SiCl was purified by distillation and stored 
under N2 until needed. The reaction was additionally modified by using a solvent mixture of 
50% Et2O and 50% THF and cooling the suspension of in situ generated [Li-CºC-Li] to 0 °C 
before the addition of (EtO)3SiCl followed by an extended reaction at room temperature 
rather than heating at reflux. The new reaction conditions increased yields from a reported 
41% to greater than 75%. 
 
 
 
 
Cl
Cl Cl 3 nBu–LiEt2O/THF
–78 °C ➝ r.t., 12 h
– LiCl, 2 nBuCl, nBu
LiLi
2 (EtO)3Si–Cl
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MgBrBrMg
xs Si(OEt)4
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Si(OEt)3(EtO)3Si
(1)
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80%
41%
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A second synthesis pathway was also explored for economic and scalability reasons 
utilizing acetylene, ethyl grignard, and tetraethyl orthosilicate (TEOS) as reagents from a 
modified synthesis reported by Voronkov et. al. (eq 2).24 Acetylene gas was purified by 
flowing through two sequential solvent traps cooled to –78 °C, which proved to be a vital 
step. The purified acetylene is then bubbled through a refluxing Et2O solution containing 
EtMgBr for 5-10 min. after which N2 purging is resumed and the solution is cooled to room 
temperature. A slight excess (2.2 equiv.) of TEOS was added at room temperature and the 
mixture was heated at reflux for 18 h. Purification by fractional distillation yielded (EtO)3Si-
CºC-Si(OEt)3 in moderate yield (~40%) with minor impurities. The limitations of the 
reactions seemed to stem from the difficulty of preventing Et2O from evaporating under 
sparging conditions, even when a cold figure (–80 °C) is used in place of a traditional reflux 
condenser. 
Additional hetero-functionalized alkynes were also synthesized utilizing a reported 
pathway by R. Lettan et. al. (eq. 3).25 Terminal alkynes are refluxed with ethyl Grignard in 
THF followed by the addition of excess TEOS and subsequent reflux to generate hetero 
substituted alkynes in moderate yields. nBu-CºC-Si(OEt)3 is synthesized in similar yields to 
literature reports (~85%), while Me2NCH2-CºC-Si(OEt)3 was also synthesized (eq. 4) in 
60% yield.  
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Me2NCH2-CºC-Si(OEt)3 distilled under full vacuum at 66 °C a yellow liquid with small 
amounts of TEOS impurities. Distinguishing peaks of the 1H NMR spectrum in benzene-d6 
were the CH2 signal at 3.06 ppm and the NMe2 peak at 2.13 ppm. 
To study the ability of these siloxy-substituted alkynes as functionalizing agents for 
polydienes, we utilized them as quenching agents in diene polymerizations (eq. 5). We 
conducted the studies using isoprene as our diene due to its ease of use and for the 
polymerization catalyst we utilized a commercially applicable catalyst mixture of 
neodymium(neodecanoate)3×(neodecanoic acid) (NdV4) and a mixture of aluminum co-
catalysts, triisobutylaluminum (AliBu3), diisobutylaluminum hydride (iBu2AlH), and 
diisobutylaluminum chloride (iBu2AlCl).26 Reports were varied on ratios of catalysts and co-
catalysts but within our experiments the ratio of NdV4:AliBu3:iBu2AlH:iBu2AlCl was 
1:10:2.5:1.5 (this aluminum mixture will be denoted as [Al]). Polymerizations were 
conducted in J-Young tubes in benzene-d6 in order to monitor conversions and diffusion 
ordered spectroscopy (DOSY)27 experiments were conducted to analyze the resulting 
materials. Reaction times of 1 hour were sufficient for full conversion of isoprene from 10 to 
150 equiv. with respect with NdV4. 
 
EtMgBr
THF, reflux 2 h MgBr
TEOS
reflux 8 h Si(OEt)3
N EtMgBr
THF, reflux 2 h
N
MgBr
TEOS
reflux 12 h
N
Si(OEt)3
85%
60%
(3)
(4)
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 The polymerization of isoprene (50 equiv. versus neodymium) by NdV4/[Al] to 
produce polyisoprene (PIP) containing cis-1,4 units (~95%) and 1,2 vinyl units (~5%) was 
completed within 1 hour at 60 °C (Figure 1). (EtO)3Si-CºC-CH2NMe2 was then added as a 
quenching agent and allowed to react for 1 hour an additional hour at 60 °C. After quenching 
the polymerization with (EtO)3Si-CºC-CH2NMe2 new peaks persist between 3.0 and 4.0 
ppm in the crude mixture. These signals are assigned to CH2NMe2 and Si-OCH2CH3 signals.  
 
Figure 1: 1H NMR spectra for the polymerization of isoprene by NdV4/[Al] (reaction 
initiation bottom, full conversion to polyisoprene middle) and the addition of Me2NCH2-
CºC-Si(OEt)3 to quench the reaction (Top). # denotes isoprene signals and * denotes 
polyisoprene signals. 
NdV4 + [Al]
benzene-d6
60 °C, 1 h
10–150 equiv.
x
y n
Si(OEt)3R
60 °C, 1 h
R = Si(OEt)3, nBu, CH2NMe2
(5)
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DOSY experiments conducted at room temperature with an optimized diffusion delay 
time (Typically a d20 value of 0.1-0.5 seconds was used but may increase for concentrated 
samples or high molecular weight polymers and 16-64 gradient slices were used with the 
number of scans per slice of either 8 or 16.) of the crude reaction mixture indicated that 
neither CH2NMe2 nor Si-OCH2CH3 signals diffuse at the same rate as PIP (Figure 2). From 
this data, we can conclude that there are four main diffusion profiles. The fastest diffusion, as 
expected, is from benzene-d6 solvent. The functional group-containing species diffuses close 
to the same rate as the isobutyl aluminum compounds remaining after polymerization (Figure 
2, green and red labels respectively). The polyisoprene 1H signals diffuse at a much slower 
rate (Figure 2, black label) suggesting that there is no covalent attachment of the bulk 
polymer and the desired functional groups in the crude sample. 
 
Figure 2: 1H DOSY NMR spectra of a crude reaction sample for quenching a polyisoprene 
sample with Me2NCH2-CºC-Si(OEt)3. 
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 Standard isolation conditions of diene polymerizations require the precipitation and 
subsequent washing of polymer samples with MeOH. In addition, butylated hydroxytoluene 
(BHT) is added to prevent radical decomposition of bulk polymer samples. After the crude 
sample, analyzed in Figures 1 and 2, was subjected to standard work up conditions the lack 
of a covalent linkage between functional groups signals and PIP is further supported. 1H 
NMR signals corresponding to functional groups are gone and no additional signals are 
observed by 1H NMR or DOSY NMR suggesting no incorporation of Me2NCH2-CºC-
Si(OEt)3 in to bulk polymer (Figure 3). 
 
Figure 3: 1H DOSY NMR spectra of isolated polyisoprene after quenching the sample with 
Me2NCH2-CºC-Si(OEt)3. 
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 (EtO)3Si-CºC-Si(OEt)3 and nBu-CºC-Si(OEt)3 were also studied as functionalizing 
agents for PIP following the same experiment sequence described for Me2NCH2-CºC-
Si(OEt)3. After full conversion isoprene to polyisoprene the functionalized alkynes were 
added and heated for 1 hour at 60 °C. Results for nBu-CºC-Si(OEt)3 were similar to those 
described for Me2NCH2-CºC-Si(OEt)3. After the reaction time was complete, DOSY 
experiments on crude reaction mixtures suggested nBu groups were not covalently bound to 
PIP. Upon isolating PIP, by washing with MeOH (3 times), all signals corresponding to nBu 
had been removed. However, when (EtO)3Si-CºC-Si(OEt)3 was used as the 
quenching/functionalizing agent small peaks in the 1H NMR spectrum which showed cross 
peaks in 29Si{1H} HMBC experiments remained after washing samples. In addition, the 
sample contained some species that diffused at a rate close to that of benzene-d6, indicating it 
is likely only a portion of the functionalizing agent was incorporated into the polymer (Figure 
4). Regardless, these results suggest the incorporation of functional group to polymer chains. 
Additional experiments to investigate the effects (EtO)3Si-CºC-Si(OEt)3 had on the 
polymerization indicated that polymerization was terminated upon addition of alkyne. For 
example, when isoprene conversion reached 50% alkyne was added. The mixture was then 
subjected to heat for an additional 6 hours and no further conversion of isoprene was 
observed. 
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Figure 4: 1H DOSY NMR spectrum of isolated polyisoprene after quenching the sample 
with (EtO)3Si-CºC-Si(OEt)3 and washing with MeOH. 
 
 In a collaboration with Kumho Petrochemical R&BD Center, led by Dr. Gwanghoon 
Kwag, a large scale (300 g butadiene) functionalization experiment was conducted. (EtO)3Si-
CºC-Si(OEt)3 (~0.5 g, 0.2 by weight vs 100 parts butadiene by weight) was added as an end 
functionalizing agent, followed by ethanol and 6-di-tert-butyl-4-methylphenol to quench the 
reaction. GPC analysis of the samples conducted by Kumho revealed a slight increase to the 
high molecular weight region of the observed signal and an increase in molecular weight 
distribution versus a tandem reaction without the addition of functionalizing agent, attributed 
to the alkynylsilane moiety. Mooney viscosity analysis, also conducted by Kumho, saw an 
increase from 32 in samples free of alkynylsilane up to 38 when polymerization was 
quenched by (EtO)3Si-CºC-Si(OEt)3. As part of the collaboration Kumho also conducted 
compounding studies (including vulcanization) of the functionalized rubbers, of which 
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details can be found in our joint patent. The functionalized rubber provided modest 
improvements in abrasion (DIN), 100% modulus, 300% modulus, tensile strength, and 
elongation at break, which was attributed to enhanced dispersion of silica fillers during 
compounding. 
Synthesis of functionalized dienes towards the functionalization of polydienes via 
coordination/insertion polymerization with neodymium based catalysts. For 
functionalized dienes to be used as functionalization agents of PBD through insertion 
polymerization we targeted 2-substitued dienes. It is believed that 2-substituted dienes would 
provide the lowest steric impact on h4-coordination and 1,4-insertion with neodymium based 
catalysts. In addition, the target diene functional groups must be able to readily generate a 
covalent linkage (graft) between the organic polymer and inorganic materials used in rubber 
composites, such as silica or carbon black. For this reason, the functional groups of Si-OR 
and Si-NR2 (R = alkyl group) were targeted as they are known to readily react with silica 
surfaces. In order to increase the likely hood of the functionalized diene to inserting in 
neodymium-based polymerizations, limiting the number of Si-O and Si-N groups is also of 
importance due to strong Nd-O interactions inparticular. In this context, it may also be 
important that the alkyl group, R, of the functional Si-OR and SiNR2 groups have significant 
bulk to prevent Nd-O and Nd-N interactions. Thus, we sought to synthesize 2-X-1,3-
butadienes, were X contains Si-OR and Si-NR2 functional groups with limited steric impact 
for h4-coordination of the diene to neodymium and R groups capable of preventing Nd-O and 
Nd-N interactions. 
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      Chart 1: Routes for the synthesis of functionalized dienes reported in the literature. 
The synthesis of functionalized dienes is accomplished through a variety of methods; 
for example, Grignard reactions with chloroprene,28,29 E–H bond activation of ene-ynes,30 
reduction of 1,4-dichloro-2-Z-2-butene,31 or ene-yne metathesis (Chart 1).32,33,34 In 
consideration for applying functionalized-dienes in industrial applications we looked to avoid 
routes with expensive and/or exceedingly difficult-to-handle precursors. For this reason, we 
opted to avoid routes utilizing chloroprene. The parent ene-yne reagent, HCºC-CH=CH2, 
was of most interest as it would provide the least sterically hindered dienes but was found to 
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be difficult to source. In addition, literature examples containing functionalities of interest 
have not been established with ene-yne reagents, thus the studies that follow do not include 
this approach. We noted that reduction routes and ene-yne metathesis were compatible with 
the functionalities we wanted in utilize for covalently grafting to inorganic fillers, such as 
silica. Reagents used for reduction and ene-yne metathesis could also provide 2-substituted 
dienes, increasing the propensity for h4-coordination and 1,4-insertions during 
polymerizations. 
 The first synthesis approach we explored to make functionalized diene monomers 
was first reported by Sato and co-workers and involved a platinum-catalyzed hydrosilylation 
of 1,4-dichloro-2-butyne followed by a zinc reduction to generate a 2-substituted butadiene.31 
As noted by Sato, chloro-silanes can be employed in the reaction followed by reactions with 
alcohol under basic conditions to generate siloxy compounds of interest. The additional 
variety of substitutions that could be easily integrated by choice of silane precursor made the 
reaction interesting to our research group and our industrial collaborators at Kumho.  
In the first step, the neat reaction had to be carried out in a flask with a large head 
space and fitted with a reflux condenser due to the violent reflux observed after initiation of 
hydrosilylation, which occurred upon slowly raising the temperature to 35-45 °C. The crude 
reaction liquid was then added to a THF solution of ROH/Et3N to yield 1,4-dichloro-2-silyl-
2-butene compounds (eq. 6). After extraction from ammonium salts, the 1,4-dichloro 
compounds were isolated in ~90% yields at 80-90% purity. These species were used in the 
next step without further purification.  
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Reductions of the 1,4-dichloro-2-silyl-alk-2-enes were carried out in THF at room 
temperature over 18-36 hours (eq. 7). The reaction worked most efficiently with a ~50:50 
mixture of metallic zinc and powered zinc that was activated by washing with 6 M HCl (3 ´ 
10 mL), water (5 ´ 10 mL), and ethanol (3 ´ 5 mL), and then dried at 120 °C under vacuum 
overnight. Aliquots of the reaction mixture were taken periodically, and the reaction was 
considered complete when butane intermediate was fully consumed as indicated by loss of 
the triplet (A) signal in 1H NMR spectrum (Figure 5). A quartet and two sets of doublets in 
1H NMR spectra are characteristic signals for the 2-substituted butadiene complexes and 
easily monitored during the reaction (Figure 5). When the zinc reductions stalled (i.e. 
conversion was slow or stopped) or white precipitate formed, additional THF was added to 
dilute the reaction, solubilize ZnCl2, and expose metallic zinc surfaces. The series of 
compounds described in equation 7 could all be synthesized in modest yields on 2-3 grams 
scale. However, due to their limited number of siloxy groups increased steric bulk 2-
SiMe2OR-1,3-butadiene (R = iPr or tBu) were of particular interest. To the best of our 
knowledge have not been reported and fully characterized and were the focus of efforts for 
siloxy functionalized monomers utilizing this approach. For each of these monomers, scales 
greater than 5 grams were achieved with yields greater than 60%.  
Zn0
THF, 18–36 h
– ZnCl2
Cl
Cl
1.05 equiv. ClxMe3-xSi–H
H2PtCl6
(0.01 mol%)
neat, reflux, 2 h
SiMe3-xClx
Cl Cl
ROH/Et3N
THF or Et2O
– [Et3NH]Cl
SiMe3-x(OR)x
Cl Cl
(6)
X = 3, 2, 1
R = Me, Et, iPr, tBu
SiMe3-x(OR)x
Cl Cl
SiMe3-x(OR)x
(7)
X = 3, 2, 1
R = Me, Et, iPr, tBu
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Figure 5: 1H NMR spectra analysis, focusing on the olefin region, of reaction progress for 
the reduction of 1,4-dichloro-2-dimethyltertbutoxysilyl-2-butene with zinc. 
 
 In addition to the siloxy-substituted functionalized dienes, 2-substituted silylamine 
compounds were also of interest and to our knowledge have not been reported. Compounds 
containing these functionalities were first synthesized via a similar reduction method 
utilizing lithium amides precursors (eq. 8 and 9). 
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In this synthetic method 1,4-dichloro-butene compounds were formed as indicated by 
analysis of 1H NMR spectra of crude reaction mixtures; however, the intermediate butene 
compound decompose rapidly leading to unidentified products in all cases. To prevent the 
decomposition, crude reaction mixtures were directly added to activated zinc without further 
isolation, effectively making this a three-pot reaction. Even with this improvement, 2-
Me2SiNMe2-1,3-butadiene was the only monomer isolated from the three-pot reaction 
method utilizing lithium amides. Unfortunately, 2-Me2SiNMe2-1,3-butadiene is unstable, 
even when stored under a N2 atmosphere at – 40 °C. 1H NMR spectra in benzene-d6 indicated 
that removal of the solvent under reduced pressure accelerated decomposition (Figure 6). The 
presence of two sets of diene signals indicates decomposition, likely breaking the Si–N bond 
of the silylamine functional group. 
Zn0
THF, 18–36 h
– ZnCl2
Cl
Cl
1.05 equiv. ClMe2Si–H
H2PtCl6
(0.01 mol%)
neat, reflux, 2 h
SiMe2Cl
Cl Cl
LiNR2
THF
– LiCl
SiMe2NR2
Cl Cl
(8)
R = Me, iPr, -(CH2)4-
SiMe2NR2
Cl Cl
SiMe2NR2
(9)
R = Me, iPr, -(CH2)4-
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Figure 6: 1H NMR spectrum of 2-Me2SiNMe2-1,3-butadiene partially decomposed in 
benzene-d6 after storing neat for 24 hours at –40 °C. 
This rapid decomposition resulted in the need to find alternative conditions to prepare 
the isolation of a silylamine functionalized monomer. In the case for generating siloxy 
functionalized dienes a three-step reaction was used. First, alkyne is hydrosilylationed to 
generate 1,3-dichlorobutene, followed by alcoholysis of the chlorosilane to a siloxy 
derivative assisted by base (NMe3) to absorb the generated acid, and finally reduction of the 
butene to a butadiene. The generation and presence of acid may hinder the formation or 
mediate decomposition of the desired silylamine functional group. Instead, aminolysis and 
zinc-mediated reduction were performed in a single sequence to avoid acid and ammonium 
salts (eq. 10). 
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 Isolation of 2-(iPr2N)Me2Si-1,3-C4H5 was achieved by first, removing THF and other 
volatiles under reduced pressure followed by filtration of Zn0 and ZnCl2 with pentane. The 
crude mixture, which still contains some amounts of ZnCl2, is then distilled at 0.4 mmHg 
(full vacuum) at 80 °C. A diene impurity, believed to be a hydrolyzed decomposition 
product, is collected as a fraction at 60 °C. It is important to note that heating higher that 80 
°C during the distillation seemed to accelerate decomposition, reduce yield, and reduce 
purity. 2-(iPr2N)Me2Si-1,3-C4H5 was synthesized using this method on 10 gram scale, but 
only had a purity of ~95% based on analysis of the 1H NMR spectrum (Figure 7A).  
 
 An additional method for the synthesis of 2-(iPr2N)Me2Si-1,3-C4H5 was also explored 
(eq. 11). Initial ene-yne metathesis experiments to yield 2-(iPr2N)Me2Si-1,3-C4H5 with 2 
mole percent catalyst were conducted by mixing alkyne, (iPr2N)Me2Si-CCH, and catalyst 
prior to pressurization with ethylene (pressures from 1 atm to 40 bar). Conversions of alkyne 
were below 50% even under high ethylene pressures. In attempts to make the reaction more 
economically relevant and attractive for commercial applications, Grubbs 2nd Generation 
catalyst was also tested; however, under identical reaction conditions conversions of alkyne 
only reached 20% and Hoveyda-Grubbs 2nd Generation was used going forward. However, 
Cl
Cl
1.05 equiv. ClMe2Si–H
H2PtCl6
(0.01 mol%)
neat, reflux, 2 h
SiMe2Cl
Cl Cl
HNiPr2, xs Zn0
THF, overnight
– ZnCl2 + H2
SiMe2NiPr2
(10)
Me2Si
N
H
Catalyst Addition
0.5 mL/min. at pressure
1 mol% [Ru]
40 bar ethylene
Toluene, 70 °C, 1 h
H Si N Ru
Cl
Cl
NN
OHoveyda-Grubbs 
2nd Generation
[Ru] = (11)
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due to low conversions with traditional ene-yne metathesis reaction conditions we developed 
a new reaction protocal. In order to order to keep catalyst (Hoveyda-Grubbs 2nd Generation) 
loadings low and conversions high we opted to use high ethylene pressures (40 bar) as 
ethylene is first order in the rate law of ene-yne metathesis.34 Full conversion of alkyne to the 
desired diene at modest catalyst loading (2 mole percent) was achieved by injection of the 
catalyst solution and alkyne solution into the reactor (set to 70 °C) slowly (0.5 mL/min.) over 
20 min. followed by an hour incubation of the mixture. This protocol allowed us to 
significantly increase conversions of alkyne while at modest catalyst loading.  
Unfortunately, attempts isolate the air-sensitive product, 2-(iPr2N)Me2Si-1,3-C4H5, 
from this synthetic approach proved more challenging. Traditional isolation methods for 
metathesis reactions included purification over silica columns or removal of [Ru] with 
graphitc carbon, which readily decomposed the silylamine functional group. When the 
reaction mixtures were subjected to the same distillation conditions described above (0.4 
mmHg at 80 °C) isolated yields were never greater than 10%. Although the desired 
compound is formed as evidenced by analysis of 1H NMR spectra of the crude mixture 
(Figure 7B), the diene reacts upon heating, likely with the ruthenium species at a temperature 
lower than the boiling point making distillation of 2-(iPr2N)Me2Si-1,3-C4H5 more 
challenging than during the purification in reduction methods. Thus, while our ene-yne 
metathesis protocol is an atom-economical (and at further reduced catalyst loading 
financially economical) for the synthesis of 2-(iPr2N)Me2Si-1,3-C4H5 (and other 2-
substituted-dienes) the hydrosilylation followed by a zinc reduction is preferred.  
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Figure 7. 1H NMR spectra of 2-Me2SiNiPr2-1,3-butadiene synthesized as shown in eq. 10 
(A) and 2-Me2SiNiPr2-1,3-butadiene synthesized as shown in eq. 11 (B). * indicates 
impurities within the samples. In A impurities are Me2Si(NiPr2)2 and in B impurities contain 
SiNiPr2 groups as well as [Ru] species which signals are in the baseline from 5.7-7.1 ppm 
and attributed to a red color of solution. 
Application of 2-Me2XSi-1,3-butadiene in neodymium-based diene 
polymerization. The 2-functionalized dienes synthesized above were tested for insertion 
polymerization in neodymium-based polymerizations and tested as monomer for co-
polymerization with isoprene. First, to varify our approach of DOSY NMR for the 
incorporation of functionalized dienes into polydiene we utilized anionic polymerization 
techniques with nBuLi as an initiator, as similar monomers were shown to polymerize under 
these conditions.31 The anionic polymerizations of 2-tBuOMe2Si-1,3-C4H5 and 2-
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(iPr2N)Me2Si-1,3-C4H5 were achieved by the addition nBuLi initiator to solutions of 
functionalized diene in toluene cooled to –40 °C which were then allowed to warm to room 
temperature during polymerization. After reacting room temperature, the mixtures were 
stirred for an additional one hour to ensure full conversion of diene (eq. 13).  
 
After the allotted reaction time, volatiles were removed under vacuum to yield polymers as 
sticky semi-solids. For the polymerization of 2-(iPr2N)Me2Si-1,3-C4H5 (after isolation 
including MeOH workup), analysis of 1H NMR spectra of the resulting material indicates a 
successful polymerization (Figure 8). Peaks at 6.27 and 2.57 ppm correlate in COSY NMR 
experiments and are assigned to the polymer backbone. Peaks centered around 3.29 and 1.16 
ppm also correlate in COSY NMR experiments and are assigned to N-iPr groups. A large 
number of peaks in the range from 0.0 to 0.5 ppm indicate multiple Si-Me groups. The 
number of SiMe signals can be attributed to the possibility of hydrolyzed silylamine groups 
resulting in numerous Me2Si-X groups within the polymer material. Intense cross peaks in 
29Si{1H} HMBC NMR experiments, with one 29Si signal at -5.3 ppm, between peaks 
assigned to Si-Me groups and peaks assigned to CH of polymer backbone indicate they are 
covalently linked through the polymer chain (Figure 9). Attempts to collect DOSY NMR of 
polymer were unsuccessful as the broad nature of the peaks resulted in streaking in the 
diffusion dimension of the spectra making it difficult to interpret. 
Si X
100
nBuLi
toluene
–40 °C → r.t., 1 h
Si X
n
nBu
X = OtBu or NiPr2
(13)
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Figure 8. 1H NMR spectrum of poly-2-(iPr2N)Me2Si-1,3-C4H5 initiated by nBuLi in 
benzene-d6. 
 
Figure 9. 29Si{1H} NMR spetrum of poly 2-(iPr2N)Me2Si-1,3-C4H5 initiated by nBuLi in 
benzene-d6. 
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The polymerization of 2-tBOMe2Si-1,3-C4H5 initiated by nBuLi resulted in a sticky, 
colorless solid. 1H NMR spectrum of the polymer contained sharp signals (Figure 10). The 
unsaturated CH and saturated CH2 groups of the polymer backbone are assigned to 6.24 and 
2.57 ppm respectively and appear broad, whereas OtBu and SiMe peaks are observed as 
sharp singlets at 1.32 and -0.40 ppm respectively. 13C{1H} NMR spectrum of 2-tBOMe2Si-
1,3-C4H5 also indicates a pure polymer material (Figure 11). Only one set of signals in 13C 
NMR signals suggests that the nBuLi initiated polymerization is selective to cis-1,4 or trans-
1,4 polymerization. Polymer backbone unsaturated carbons are assigned to peaks at 141.6 
and 141.2 ppm and saturated carbons are assigned to a peak 29.9 ppm. SiOtBu and SiMe2 
groups are observed as 13C{1H} NMR signals at 72.5 and 32.4 while SiMe2 is observed at 
1.87 ppm. 
 
Figure 10. 1H NMR spectrum of poly-2-tBOMe2Si-1,3-C4H5 initiated by nBuLi in benzene-
d6. 
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Figure 11. 13C{1H} NMR spectrum of poly-2-tBOMe2Si-1,3-C4H5 initiated by nBuLi in 
benzene-d6. 
 
 29Si{1H} HMBC NMR experiments of poly-2-tBOMe2Si-1,3-C4H5, like poly-2-
iPr2NMe2Si-1,3-C4H5, shows strong cross peaks of all 1H signals assigned the polymer 
polymer backbone and O-tBu groups to one 29Si signal at -55 ppm (Figure 12).  DOSY NMR 
spectra of poly-2-Me2SiOtBu-1,3-butadiene shows three main species in the diffusion 
dimension. First, the major diffusion peak contains cross peaks with all 1H signals assigned 
to poly-2-tBOMe2Si-1,3-C4H5 confirming DOSY is a viable method for assigning functional 
groups within polymers. In addition, one low intensity species with fast diffusion is assigned 
to solvent (benzene-d6) and another low intensity impurity with a 1H peak of 0.24 ppm, likely 
a minor SiMe species. A second diffusion peak shows cross peaks with minor SiOtBu and 
SiMe2 signals but no polymer back-bone peaks. It is unclear what this diffusion signals is, as 
it is unlikely cleaved Me2SiOtBu groups; if the silyl group were to cleave it should be 
washed away with MeOH.  
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Figure 12. 29Si{1H} HMBC NMR spectrum of poly-2-tBOMe2Si-1,3-C4H5 initiated by 
nBuLi in benzene-d6. 
 
Figure 13. DOSY NMR spectrum of poly-2-tBOMe2Si-1,3-C4H5 initiated by nBuLi in 
benzene-d6. 
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Functionalized monomers were tested for co-polymerizations with isoprene by 
polymerizing isoprene using NdV4/[Al] described above. In general, these reactions were 
done by polymerizing isoprene at room temperature for thirty minutes to one hour to obtain 
full conversion to polyisoprene followed by the addition of the functionalized diene to the 
reaction mixture and heating at 60 °C for an additional one hour (eq. 14). The reactions were 
terminated by quenching the mixture with methanol and removing volatiles under vacuum. In 
the cases of iPrOMe2Si– or tBuOMe2Si–, no incorporation of functionalized diene was 
observed. The addition of 2-Me2XSi-1,3-C4H5 (X = OiPr or OtBu) to polymerizations of 
isoprene at 50% conversion resulted in no further conversion of isoprene nor the 
functionalized diene. Mecking and co-workers have also recently reported the difficulty of 
getting insertions (using neodymium based catalysts) of functionalized dienes containing Si-
OR functional groups21, while they have shown some success in this area utilizing nickel 
based catalysts.35 Mecking and co-workers then showed that neodymium based diene 
polymerization can tolerate Si-NR2, Si-NHR, and SR functional groups.21,22,36 
 
  
Preliminary calculations, conducted by our collaborators at Kumho Petrochemical, 
reveal that when Si-OR groups, even when R = tBu, are present coordination of the 
functionalized diene occurs through Nd-O rather than the h4-diene coordination required for 
NdV4/[Al]
benzene–d6
r.t., 30-60 min. n
N equiv.
M equiv.
Si X
n
Si X
m60 °C, 1 h
Quench
MeOH
(14)
NdV4 = Nd(versatate)3(versatic acid) 1 equiv.
[Al] =
triisobutyl aluminum AliBu3 20 equiv.
diisobutyl aluminum hydride iBu2AlH 5 equiv.
diisobutyl aluminum chloride iBu2AlCl 1.5 equiv.
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insertion. In contrast, the calculations advocated that 2-iPr2NMe2Si-1,3-C4H5 had preferential 
coordination modes of h2-diene or h4-diene. The lack of Nd-N interaction implies a great 
likely hood of insertions to occur for 2-iPr2NMe2Si-1,3-C4H5. With the preliminary 
calculations in mind, we focused our efforts on functionalizing polydienes (isoprene and 
butadiene) utilizing2-iPr2NMe2Si-1,3-C4H5. 
2-iPr2NMe2Si-1,3-C4H5 was first tested for homo-polymerization utilizing multiple 
neodymium based catalysts systems (NdV4/[Al], NdV3/[Al], and Nd{C(SiHMe2)3}3/2 
B(C6F5)3/10 AliBu3) at temperatures ranging from room temperature to 120 °C and reaction 
times up to 48 hours. In all cases, no polydiene is formed. In reactions where heating over 80 
°C was tested, new Si–NiPr2 groups appeared but could not be assigned based on NMR 
analysis. These observations were similar to what was observed with 2-Me2SiX-1,3-
butadiene (X = OiPr or OtBu). 
2-iPr2NMe2Si-1,3-C4H5 was then tested as a co-polymer agent with isoprene to target 
both A-B-A-B and A-B type co-polymers. For Example, NdV4 (0.010 g, 0.011 mmol) was 
stirred with AliBu3 (0.022 g, 0.110 mmol), iBu2Al-H (0.005 g, 0.033 mmol), and iBu2Al-Cl 
(0.003 g, 0.017 mmol) in 0.6 mL of benzene-d6 for 5 minutes to generate a pale-teal solution. 
Isoprene (0.1 g, 1.5 mmol) was added to the solution in a J-young tube and full conversion to 
polyisoprene was observed within 15 minutes at room temperature. ~0.1 g of distilled 2-
iPr2NMe2Si-1,3-C4H5 (isolated as colorless liquid from the reduction method) was added to 
the reaction and heated at 60 °C for one hour. After the one hour reaction time, sharp signals 
in the diene region (5.0-6.5 ppm) of 1H NMR spectra were no longer observed and the 
mixture was quench with 1 mL methanol and dried overnight (Figure 14). Subsequent 
washing with methanol and drying yielded the co-polymer material as a colorless solid. The 
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1H NMR spectrum indicates the persistence of polyisoprene (as expected) with peaks at 5.3, 
2.2, 1.8 ppm and Si-Me signal at 0.3 ppm (Figure 14). A 29Si{1H} HMBC NMR experiment 
on the polymer sample reveals one cross peak to a sharp 1H signal at 0.29 ppm with a 29Si 
signal of -72 ppm, assigned to a Si-Me group (Figure 15). Integration of the 1H NMR signals 
for polyisoprene–Me (1.8 ppm) and Si-Me groups (0.29 ppm) implies a polyisoprene–Me to 
SiMe2 of 20:1 in the co-polymer material. The DOSY NMR spectrum of the co-polymer 
material contains one prominent peaks in the diffusion dimension which has cross peaks with 
PIP signals and Si-Me peak at 0.29 ppm. The diffusion experiment suggests bulk 
polyisoprene is covalently attached to Me2Si-X functional groups (Figure 16).   
 
Figure 14: 1H NMR spectrum of the isolated copolymer of polyisoprene–poly-2-2-
iPr2NMe2Si-1,3-C4H5 catalyzed by NdV4/[Al] in benzene-d6. 
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Figure 15: 29Si{1H} HMBC NMR spectrum of the isolated copolymer of polyisoprene–poly-
2-iPr2NMe2Si-1,3-C4H5 catalyzed by NdV4/[Al] in benzene-d6. 
 
Figure 16: DOSY NMR spectrum of isolated copolymer of polyisoprene–poly-2-
iPr2NMe2Si-1,3-C4H5 catalyzed by NdV4/[Al] in benzene-d6. 
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While not isolable from ruthenium organometallic species, 2-iPr2NMe2Si-1,3-C4H5 
synthesized via ene-yne metathesis was also tested in an A-B co-polymerization experiment 
(eq. 14). The copolymerization was screened in both toluene and heptane. NMR analysis of 
reactions conducted in toluene contained a very small amount of incorporated SiMe signals 
and toluene was not explored further for this application. In contrast, copolymerization in 
heptane contained a more significant (while still small) SiMe signal. 
 
NdV4 (0.020 g, 0.023 mmol) was stirred with AliBu3 (0.090 g, 0.920 mmol), iBu2Al-
H (0.016 g, 0.115 mmol), and iBu2Al-Cl (0.006 g, 0.035 mmol) in 20 mL of heptane for 15 
minutes to generate a pale-teal solution. Isoprene (1 g, 15 mmol) was added to the solution 
and stirred for one hour at room temperature. A crude mixture of 2-iPr2NMe2Si-1,3-C4H5 in 
toluene (~0.3 g in 3 mL solution also containing deactivated Grubb’s catalyst) is added to the 
reaction mixture and stirred for 1 hour at 60 °C. Methanol was added to quench the 
polymerization and precipitate the co-polymer as a pale red solid. After several washes with 
methanol (10 X 5 mL), 1H and 29Si{1H} HMBC NMR spectra revealed the persistence of Si-
NdV4/[Al]
heptane
r.t., 60 min. n
N equiv.
M equiv.
Si NiPr2
n
Si NiPr2
m60 °C, 1 h
Quench
MeOH
(14)
NdV4 = Nd(versatate)3(versatic acid) 1 equiv.
[Al] =
triisobutyl aluminum AliBu3 40 equiv.
diisobutyl aluminum hydride iBu2AlH 5 equiv.
diisobutyl aluminum chloride iBu2AlCl 1.5 equiv.
Me2Si
N
H
2 mol% HG-II
40 bar ethylene
toluene, 70 °C
Slow Addition of catalyst
Full Conversion of Alkyne
Crude mixture with [Ru]
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Me signals as a broad range of signals from 0.2–0.4 ppm (Figure 17). Two main 29Si signals 
where observed at –51 and –71 ppm (Figure 18). Even after multiple extractions a pale-red 
tint remained in the polymer samples suggesting that ruthenium species are still present. The 
DOSY NMR spectrum of the copolymerization run in heptane contains one diffusion signal 
with cross peaks to peaks assigned to polymer. 1H peaks associated with polyisoprene (5.3, 
2.2, and 1.8 ppm) diffuse with the weak signal from SiMe signals centered around in the 
range of 0.0-0.3 ppm (Figure 19). This suggests that, while the amount of incorporation of 
Me2Si-X with in situ, ene-yne generated2-iPr2NMe2Si-1,3-C4H5, bulk polyisoprene contains 
functional groups capable of grafting to silica. 
 
Figure 17. 1H NMR spectrum of isolated polyisoprene–poly-2-iPr2NMe2Si-1,3-C4H5 co-
polymer material in benzene-d6 from in situ generated 2-iPr2NMe2Si-1,3-C4H5 after several 
MeOH washes. 
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Figure 18. 29Si{1H} HMBC NMR spectrum of isolated polyisoprene–poly-2-iPr2NMe2Si-
1,3-C4H5 co-polymer material in benzene-d6 from in situ generated 2-iPr2NMe2Si-1,3-C4H5 
after several MeOH washes. 
 
Figure 19. DOSY NMR spectrum of isolated polyisoprene–poly-2-iPr2NMe2Si-1,3-C4H5 co-
polymer material in benzene-d6 from in situ generated 2-iPr2NMe2Si-1,3-C4H5 after several 
MeOH washes. 
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Conclusion 
 The functionalization of polydienes, such as polybutadiene and polyisoprene, with 
functional groups cable of grafting to silica has been accomplished. We have demonstrated 
that the addition of alkynes to neodymium-based diene polymerization effectively quenches 
polymerization, transferring functional groups to polymer-chain. Subtle changes in the 
synthesis of (EtO)3Si-CºC-Si(OEt)3 provide improvements to the yields and have made this 
reagent a more viable option for industrial applications. Nonetheless, our collaborators at 
Kumho Petrochemical have demonstrated that this unique quenching agent has noted 
improvements in material properties, such as Payne effect. While material improvements 
were observed, a large impact is needed for industrial applications and the application of 
(EtO)3Si-CºC-Si(OEt)3 as a quenching agent is limited in how many functional units can be 
added to the polymer chain. 
 With the hopes of increasing the number of graftable sites at polymer-chain ends, 
functionalized dienes were synthesized. The utilization of a diene in principle should allow 
for a more controlled number of functional groups, and in a best-case scenario tunablility of 
where in the polymer chain the functional groups would be located (chain initiation or 
polymer head, chain termination or polymer tail, or randomly throughout the polymer). To 
this end 2-iPrOMe2Si-1,3-C4H5,31 2-tBuOMe2Si-1,3-C4H5, and 2-iPr2NMe2Si-1,3-C4H5 were 
synthesized. All three compounds were successfully isolated through multistep reaction to 
the desired dienes. 
 The synthesis of the siloxy based compounds was the same as reported by Sato and 
co-workers. Variations of the dienes reported here were also successfully isolated but were of 
less interest as the number of oxygen-containing groups limited the viability in insertion-
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polymerization. It is of note that while these compounds were not successful in neodymium 
based polymerization they show promising results with anionic initiation (ex. nBuLi) and this 
avenue is being further by our collaborators, Kumho Petrochemical. In addition, while our 
initial interest for this study was based on industrial relevant neodymium insertion catalysts, 
2-iPrOMe2Si-1,3-C4H5 and 2-tBuOMe2Si-1,3-C4H5 could be useful in nickel based systems 
as demonstrated by Mecking and co-workers.21  
 2-iPr2NMe2Si-1,3-C4H5 was pursued based on preliminary calculations as discussed 
earlier. These are the first reported examples of 2-silylamines substituted butadienes. It was 
demonstrated that the synthesis of 2-iPr2NMe2Si-1,3-C4H5 can be done as through the same 
reduction method (with slight modifications) as the siloxy derivatives as well as the atom 
economical method of ene-yne metathesis. Isolation from [Ru] of the diisopropyl silylamine 
proved challenging as decomposition occurred lower than the boiling point.  
 Anionic polymerization of 2-iPr2NMe2Si-1,3-C4H5 was achieved, however the more 
sensitive Si–N bond (relative to Si–O) seemed to complicate characterization of the polymer. 
Homo-polymerization using neodymium based catalysts failed under typical conditions and 
more forcing conditions decomposed the functionalization of the diene prior to 
polymerization. In contrast to the siloxy derivatives, 2-iPr2NMe2Si-1,3-C4H5 proved to be 
useful in the functionalization of polyisoprene as a chain end functionalizing/quenching 
agent. This was determined by the persistence (after several MeOH washes to attempt 
extraction of the functional groups) of Si–Me signals in 1H NMR spectra and the matching 
diffusion of those Si–Me signals and those of polymer backbone. Researchers at Kumho 
Petrochemical are currently testing the modifications 2-iPr2NMe2Si-1,3-C4H5 makes on 
polybutadiene materials. It is our hope that the increased number of functional groups (as 
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indicated by a higher Si–Me ratio relative to the alkyne quenched samples) can further 
improve the desired properties of the resulting rubber composites.  
 
Experimental 
General Procedures. All reactions were performed under a dry argon or nitrogen 
atmosphere using standard Schlenk techniques or under nitrogen atmosphere in a glovebox, 
unless indicated. Dry, oxygen-free solvents were used throughout. Benzene, toluene, pentane, 
and tetrahydrofuran were degassed by sparging with nitrogen, filtered through activated 
alumina columns, and stored under nitrogen. Heptane was stirred with H2SO4, washed with 
aqueous Na2CO3, distilled from CaH2 under nitrogen, and stored in a nitrogen-filled 
glovebox. Benzene-d6 and toluene-d8 were heated at reflux over Na/K alloy, vacuum-
transferred, and stored over 4 Å molecular sieves in a nitrogen-filled glovebox. NdV4 was 
synthesized using literature procedures.26 AliBu3, iBu2AlH, iBu2AlCl, and butadiene were all 
purchased from Sigma-Aldrich and used as received. Isoprene was stirred over CaH2 and 
fractionally distilled and stored under a N2 atmosphere. All other reagents were used as 
received or purified as indicated in the text. Butadiene is a flammable toxic gas and should be 
used in a well-ventilated fume hood, and alkylaluminum reagents are pyrophoric and should 
be handled with caution. 
1H, 11B, 13C{1H}, 19F NMR spectra were collected on Bruker DRX-400 and Bruker 
Avance III 600 spectrometers. 29Si NMR chemical shifts were determined by 1H-29Si HMBC 
experiments on a Bruker Avance III 600 NMR spectrometer. DOSY Experiments were 
conducted on a Bruker Avance II 600 NMR spectrometer following Bruker’s standard 
operating procedure for optimization. Analysis of DOSY experiments was done with 
176 
MestraNova softwareGPC analysis was conducted using a Viscotek GPCmax VE 2001 at 0.8 
mL/min. in tetrahydrofuran and referenced to polystyrene standards.  
2-iPrOMe2Si-1,3-C4H5. Step 1: Synthesis of 2-ClMe2Si-1,4-dichloro-2-butene. H2PtCl6 
(0.050 g, 0.122 mmol) in a 200 mL Schlenk flask was cooled to 0 °C under N2 atmosphere. 
Degassed 1,4-dichloro-2-butyne (15 mL, 0.153 mol) was added to the flask via syringe. Pre-
distilled chlorodimethylsilane (Me2ClSiH,16 mL, 0.144 mol) was added to the cooled 
reaction flask with slow stirring. After the addition of silane, the flask was fitted with a reflux 
condenser and the temperature was raised to from 0 °C to 50 °C over a 30 minute period, at 
which point reflux ensues. A color change from yellow-orange to black is observed, and the 
temperature of the reaction is raised to 70 °C and maintained for ~2 hours and cooled back to 
room temperature.  
Step 2: A two neck 1000 mL round bottom flask, fitted with a reflux condenser and an 
addition funnel, was filled with 500 mL dry THF, NEt3 (30 mL, 0.230 mol), and HOiPr (18 
mL, 0.230 mol). The reflux condenser was cooled to ~10 °C and the flask was placed in a 
water bath at room temperature to help disperse heat during the exothermic reaction. The 
reaction mixture from step 1 was transferred to the addition funnel and added dropwise. 
Upon addition of the chloro-silane species a white precipitate was formed. After complete 
addition (~30 min.), the reaction required manual agitation to ensure mixing. The reaction 
was concentrated by removal of volatiles under vacuum. Pentane (~100 mL x 4) was added 
to the mixture stirred for ~5 minutes and filtered in air. Crude product can be distilled under 
full vacuum at 68-71 °C or used without further purification.  
Step 3: In a 500 mL Schlenk flask, zinc (30 g, 0.46 mol) was activated by heating to 120 °C 
under vacuum overnight. After returning to room temperature, 300 mL dry THF was added 
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to the flask and the whole portion of the crude reaction mixture from step 2 was added. The 
mixture was stirred at room temperature under N2 until analysis of aliquots indicated the 
butene had been consumed (~48 hours). The reaction was concentrated under reduced 
pressure, and Zn0 and ZnCl2 were removed by filtering with pentane (~100 mL x 4). After 
removing pentane under reduced pressure a crude mixture of 2-iPrOMe2Si-1,3-C4H5 is 
obtained as a pale-yellow liquid. Distillation of the crude mixture under full vacuum (0.4 
mmHg) at 47-49 °C yields 2-iPrOMe2Si-1,3-C4H5 (14.1 g, 0.083 mol, 54% over-all yield) as 
a colorless liquid. 1H NMR (400 MHz, benzene-d6): δ 0.26 (s, 6 H, SiMe2), 1.11 (d, 3JHH = 
6.1 Hz, 9 H, OCHMe2), 3.91 (septet, 3JHH = 6.1 Hz, 1H, OCHMe2), 5.10 (d, 3JHH = 8.2 Hz, 1 
H, C4-H), 5.52 (d, 2JHH = 3.2 Hz, 1 H, C1-H), 5.60 (d, 3JHH = 16.3 Hz, 1 H, C4-H), 5.72 (d, 
2JHH = 3.2 Hz, 1 H, C1-H), 6.49 (dd, 3JHH = 17.6 Hz, 3JHH = 10.8 Hz, 1 H, C3-H). 13C{1H} 
NMR (100 MHz, benzene-d6): δ -0.62 (SiMe2), 29.93 (OCHMe2), 65.56 (OCHMe2), 117.04 
(C4), 129.86 (C1), 141.64 (C3), 148.97 (C2). 29Si{1H} (119 MHz, benzene-d6): δ 3.0. 
 
Figure E1. 1H NMR spectrum of 2-iPrOMe2Si-1,3-C4H5 in benzene-d6. 
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Figure E2. 13C{1H} NMR of 2-iPrOMe2Si-1,3-C4H5 in benzene-d6. 
 
Figure E3. 29Si{1H} HMBC NMR spectrum of 2-iPrOMe2Si-1,3-C4H5 in benzene-d6. 
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2-tBuOMe2Si-1,3-C4H5. Step1: Synthesis of 2-ClMe2Si-1,4-dichloro-2-butene. H2PtCl6 
(0.075 g, 0.183 mmol) in a 200 mL Schlenk flask was cooled to 0 °C under N2 atmosphere. 
Degassed 1,4-dichloro-2-butyne (20 mL, 0.205 mol) was added to the flask via syringe. Pre-
distilled chlorodimethylsilane (Me2ClSiH, 25 mL, 0.225 mol) was added to the cooled 
reaction flask with slow stirring. After the addition of silane, the flask was fitted with a reflux 
condenser and the temperature was raised to from 0 °C to 50 °C over a 30 minutes period, at 
which point reflux ensues. A color change from yellow-orange to black is observed and the 
temperature of the reaction is raised to 70 °C and maintained for ~2 hours and cooled back to 
room temperature.  
Step 2: A two neck 1000 mL round bottom flask, fitted with a reflux condenser and an 
addition funnel, was filled with 500 mL dry THF, NEt3 (43 mL, 0.308 mol), and HOtBu (30 
mL, 0.316 mol). The reflux condenser was cooled to ~10 °C and the flask was placed in a 
water bath at room temperature to help disperse heat during the exothermic reaction. The 
reaction mixture from step 1 was transferred to the addition funnel and added dropwise. 
Upon addition of the chlorosilane, a white precipitate was formed. After complete addition 
(~30 min.), the reaction required manual agitation to ensure mixing. The reaction was 
concentrated by removal of volatiles under vacuum. Pentane extractions (~100 mL x 4) were 
used to remove Me3NHCl. Pentane was removed under reduced pressure to yield a pale 
liquid, 2-tBuOMe2Si-1,4-dichloro-2-butene which was used without further purification.  
Step 3: In a 500 mL Schlenk flask zinc (30 g, 0.46 mol) was activated by heating to 120 °C 
under vacuum overnight. After returning to room temperature, 300 mL dry THF was added 
to the flask followed by the crude reaction mixture from step 2. The mixture was stirred at 
room temperature under N2 until analysis of aliquots indicated the butene had been consumed 
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(~48 hours). The reaction was concentrated under reduced pressure and Zn0 and ZnCl2 were 
removed by filtering with pentane (~100 mL x 4). After removing pentane under reduced 
pressure a crude mixture of 2-Me2SiOtBu-1,3-butadiene is obtained as a pale-yellow liquid. 
Distillation of the crude mixture under full vacuum (0.4 mmHg) at 52-55 °C yields 2-
tBuOMe2Si-1,3-C4H5 (18 g, 0.098 mol, 48% over-all yield) as a colorless liquid. 1H NMR 
(400 MHz, benzene-d6): δ 0.31 (s, 6 H, SiMe2), 1.22 (s, 9 H, OtBu), 5.12 (d, 3JHH = 11.2 Hz, 
1 H, C4-H), 5.52 (d, 2JHH = 3.3 Hz, 1 H, C1-H), 5.67-5.70 (m, 2 H, 1 C1-H & 1 C4-H), 6.52 
(dd, 3JHH = 17.7 Hz, 3JHH = 10.8 Hz, 1 H, C3-H). 13C NMR (100 MHz, benzene-d6): δ 1.60 
(SiMe2), 31.94 (OCMe3), 73.01 (OCMe3), 117.12 (C4), 128.91(C1), 141.79 (C3), 150.76 
(C2). 29Si{1H} (119 MHz, benzene-d6): δ -3.5. 
 
Figure E4. 1H NMR spectrum of 2-tBuOMe2Si-1,3-C4H5 in benzene-d6. 
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Figure E5. 13C{1H} NMR of 2-tBuOMe2Si-1,3-C4H5 in benzene-d6. 
 
Figure E6. 29Si{1H} HMBC NMR spectrum of 2-tBuOMe2Si-1,3-C4H5 in benzene-d6. 
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2-iPr2NMe2Si-1,3-C4H5. Step1: Synthesis of 2-ClMe2Si-1,4-dichloro-2-butene. H2PtCl6 
(0.075 g, 0.183 mmol) in a 200 mL Schlenk flask was cooled to 0 °C under N2 atmosphere. 
Degassed 1,4-dichloro-2-butyne (20 mL, 0.205 mol) was added to the flask via syringe. Pre-
distilled chlorodimethylsilane (Me2ClSiH, 25 mL, 0.225 mol) was added to the cooled 
reaction flask with slow stirring. After the addition of silane, the flask was fitted with a reflux 
condenser and the temperature was raised to from 0 °C to 50 °C over a 30 minutes period, at 
which point reflux ensues. A color change from yellow-orange to black is observed and the 
temperature of the reaction is raised to 70 °C and maintained for ~2 hours and cooled back to 
room temperature.  
Step 2: A two neck 500 mL round bottom flask, fitted with a reflux condenser and an 
addition funnel, was filled with activated zinc (40 g, 0.615 mol), dried and degassed 
diisopropyl amine (50 mL, 0.358 mol), and ~ 250 mL dry THF. The reflux condenser was 
cooled to ~10 °C and the flask was placed in a room temperature water bath at room 
temperature to help disperse heat during the exothermic reaction. The crude reaction mixture 
from step 1 was transferred to the addition funnel and added dropwise to the mixture. 
Addition took place over 30-45 minutes to ensure the mixture never reached reflux. After the 
addition was complete the flask was sealed under an N2 atmosphere and stirred at room 
temperature for 18 hours. The reaction was concentrated by removal of volatiles under 
vacuum. Dry pentane (100 mL) was added to the mixture stirred for ~5 minutes and filtered 
to remove excess zinc and zinc chloride (repeated 4 time). Pentane was removed under 
reduced pressure to yield a viscous orange liquid. The crude mixture was subjected to a bulb-
to-bulb distillation slowly raising the temperature to ~80 °C. 2-iPr2NMe2Si-1,3-C4H5 was 
isolated as a colorless liquid with unidentified Me2Si(NiPr2)2 impurities. These impurities 
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were removed by concentrating the mixture under reduced pressure at ambient temperature 
for ~2 hours to yield 2-iPr2NMe2Si-1,3-C4H5 in greater than 80% purity (8 g, 0.037 mol, 18% 
yield). *Note proposed impurity was taken into account in yield calculation. 1H NMR (400 
MHz, benzene-d6): δ 0.33 (s, 6 H, SiMe2), 1.05 (d, 3JHH = 6.8 Hz 6 H, NCHMe2), 3.18 
(septet, 3JHH = 6.8 Hz, 2 H, NCHMe2), 5.10 (d, 3JHH = 10.7 Hz, 1 H, C4-H), 5.50 (d, 2JHH = 
3.4 Hz, 1 H, C1-H), 5.64 (dd, 3JHH = 17.5 Hz, 2JHH = 1.9 Hz, 1 H, C4-H), 5.77 (d, 2JHH = 3.4 
Hz, 1 H, C1-H), 6.53 (dd, 3JHH = 17.5 Hz, 3JHH = 10.7 Hz, 1 H, C3-H). 13C NMR (100 MHz, 
benzene-d6): δ 1.94 (SiMe2), 24.48 (NCHMe2), 45.89 (NCHMe2), 116.20 (C4), 120.04 (C1), 
141.92 (C3), 150.90 (C2). 29Si{1H} (119 MHz, benzene-d6): δ –57. 
 
Figure E7. 1H NMR spectrum of 2-iPr2NMe2Si-1,3-C4H5 in benzene-d6 with a small impurity 
that may be Me2Si(NiPr2)2. 
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Figure E8. 13C{1H} NMR spectrum of 2-iPr2NMe2Si-1,3-C4H5 in benzene-d6 with a small 
impurity that may be Me2Si(NiPr2)2. 
 
Figure E9. 29Si{1H} HMBC NMR spectrum of 2-iPr2NMe2Si-1,3-C4H5 in benzene-d6 with a 
small impurity that may be Me2Si(NiPr2)2. 
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CHAPTER 6.    CONCLUSION 
General Conclusion 
The exploration and synthesis of new organometallic species continues to be an 
important part of inorganic chemistry as the development of fundamental understandings, 
such as rare oxidation states and controlled catalyst activations, is still desired. Incremental 
improvements in organometallics may allow for the next generation of catalysts needed to 
supply the growing demand in energy and advanced materials. One major challenge facing 
organometallics continues to be complete and reliable studies on new organometallic 
complexes and this thesis has been devoted to satisfying that challenge. 
 The work described in chapter 2, the isolation, characterization, and reactivity studies 
of new rhodium and iridium organometallic compounds, represents the approach of 
incremental improvements within a ligand system. While {BoMCp}ML2 complexes were 
isolated and characterized by NMR, IR, and X-ray diffraction their use in catalytic chemistry 
under non-forcing conditions (low temperature or low pressures) were limited or non-existent 
for many C–H activation reactions. This was attributed to strong ligand-metal interaction 
often resulting in decomposition prior to activation of the precatalysts. The synthesis of a 
modified ligand, BoMFlu, allowed for readily activated organometallic complexes. In 
addition, this modification resulted in a ligand scaffold capable of stabilizing RhII and IrII 
complexes containing a rare M–C s-bond. 
 The work described in chapters 2 and 3 contribute to lanthanide-based 
polymerizations of dienes. More specifically, the activation of Ln{C(SiHMe2)3}3 is 
described. Quality characterization of the first step of activation is an important step for 
Ziegler-type catalyst systems as these are more often black box activations with little-to no 
189 
evidence supporting active polymerization sites. In addition, to the activation of the 
tris(alkyl) precatalysts their interaction with aluminum co-catalyst reveals why binary 
catalyst systems are inactive in polymerizations of dienes. The complexing of 
Ln{C(SiHMe2)3}3 and AlMe3 has revealed unique characteristics of our organometallic 
precursors. This work may also lead to future advances in NMR or IR studies of metal-
hydride or metal-alkyl aluminum interactions which are important intermediates in 
polymerization catalysts systems. It can be hoped that continued incremental improvements 
in the activation of Ziegler-type lanthanide catalyst systems will lead to an experimental 
based understanding of diene coordination, insertions, and chloride control selectivity for the 
development of the next generation of industrial catalysts. 
 The thesis work finishes with the studies, in collaboration with Kunho Petrochemical, 
for the functionalization of polydienes. The work presented was focused on improving 
polybutadiene rubber composites to be utilized for tire applications. Neodymium-based 
polymerizations provide the linear polybutadiene with high cis-1,4 content, thus our studies 
were focused on functionalizing agents which could be included in these polymerizations. 
Quenching the polymerizations with alkyne based reagents demonstrated improved Payne 
effect, prevention of filler aggregation, in rubber composites. However, for better material 
improvements a new diene monomer, 2-Me2iPr2NSi-1,3-C4H5, was synthesized under the 
pretense to be utilized in insertion polymerization. Preliminary calculations, conducted by 
Kumho Petrochemical, indicated Nd-O interactions in siloxy dienes prevented olefin 
coordination at the metal center; while olefin coordination was favored over Nd-N 
interactions in the silylamine diene. Experimental evidence indicates the incorporation of 
silyl functional groups in polydiene polymerizations, but homo-polymerization of 2-
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Me2iPr2NSi-1,3-C4H5 with neodymium based catalyst systems were unsuccessful. The work 
presented in chapter 5 represents a different challenge within organometallic chemistry, 
designing organic compounds capable of being integrated into pre-established reactions. 
Continued advancements in this project will likely lead to the synthesis of new materials and 
ideally an application in commercial rubber markets worldwide. 
 This thesis has demonstrated studies of early and late transition metal complexes. The 
synthesis of new rhodium and iridium complexes resulted in development of rare RhII and IrII 
stable in solution. Activation and polymerization studies with lanthanide alkyls have resulted 
in an improved understanding of active catalysts and unique polymerization results. The 
development of new activation protocols for Ln{C(SiHMe2)3}3 yields the highly desired cis-
1,4 polybutadiene. In addition, the development of new functionalizing agents allows for 
further advancement of polydienes for improved performance in applications such as tires. 
This work presented in this thesis are unique, incremental improvements to various area 
within organometallic chemistry and provide a platform for continued developments. 
 
